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Surfaces that exhibit a gradual change in their chemical and/or physical properties are
termed as surface gradients. Based on the changes in properties they are classified either as
physical or chemical gradients. Chemical gradients show variations in properties like polarity,
charge, functionality concentration and have found potential applications in fields of biology,

physics, biosensing, catalysis and separation science. In this dissertation, surface gradients have
been prepared using controlled rate infusion (CRI).
CRI is a simple method in which a surface gradient is formed by carrying out the infusion
of organoalkoxysilane in a time-dependent fashion using a set infusion rate. Depending on
concentration of silane, rate of infusion and time of infusion, the gradient profiles on surfaces
can be varied and the surface chemistry of the substrate can be altered.
Initial work in the dissertation focuses on demonstrating different gradient profiles and
selectivity obtained using amine and/ or phenyl functionalized gradient stationary phases on thin
layer chromatography (TLC) plates prepared by CRI. The presence of amine and phenyl on the
surfaces were confirmed by X-ray Photoelectron Spectroscopy (XPS) and diffuse reflectance
spectroscopy, respectively. The change in surface chemistry was demonstrated by changes in the
selectivities of water and fat soluble vitamins.
After successful preparation and characterization of single and multi-component
stationary phase gradients for planar chromatography, single-component gradients were prepared
for column chromatography (Silica monolithic columns). Similar to that observed for planar
chromatography, the selectivity was evaluated from retention factors and was found to be
different for a weak acid/weak base mixture. The results obtained showed the promising
approach of using gradient stationary phases in column chromatography. This work was further
extended to prepare amine and phenyl multi-component gradients on silica monolithic columns
to investigate mixed-mode and synergistic effects.
Finally, amine, phenyl and thiol gradients were also prepared on cellulose substrates,
particularly water color paper, The goal was to study the formation of functionality gradients on

cellulose substrates particularly the interaction between hydroxyl groups on cellulose and
silanols and to study the stability of the silanes on the cellulose surface.

Chapter 1
Introduction

1.1 Abstract
Modification of surfaces is done to improve their usefulness in different fields including
biology, physics, biosensors, chromatography, etc. Such modification may be either uniform in
nature or can be done in a gradient fashion. Gradient modification of surfaces produces a wide
range of properties over a single surface. It is only because of gradient surfaces that some
difficult tasks like the uphill movement of a water drop have been made possible. Gradient
preparation on surfaces can be done using either functional silanes or polymers via a number of
different methodologies. Many of these methods are either complicated, time consuming, or
tedious. Our research group has recently developed and successfully demonstrated the use of
controlled rate infusion (CRI) as a means to prepare chemical gradients on silica substrates using
silane chemistry. In this chapter, surface gradients and their classification are described in detail.
It also focuses on different approaches and techniques used for gradient preparation. Later, two
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specific methods (e.g., infusion withdrawal dip coating (IWDC) and controlled rate infusion
(CRI)) are described in detail to prepare surface gradients. Finally, the application of gradients in
field of liquid chromatography and its advantages are discussed as it pertains to planar and
column chromatography using stationary phase gradients. The scope of this dissertation is then
presented.
1.2 Surface gradients
A ‘gradient’ can be defined as a slow change or variation in the physical, chemical,
biological or the mechanical properties of a substrate. The change may be either of a continuous
or discontinuous nature. A surface gradient exhibits variations in the physical and/or chemical
properties over the given surface.1 These changes may be either drastic or gradual in nature.
Figure 1.1 below shows two surfaces. The upper surface is a uniform surface since there is no
variation in its properties and appears homogeneous on the macroscopic scale while the surface
below is a gradient as it shows a gradual change in properties (represented by color) from one
end to the other. A gradient surface is capable of showing variations in parameters like
concentration, wettability, surface charge, roughness, porosity, etc. Numerous reviews have been
published in the last decade explaining surface gradients and details associated with their
preparation, characterization, properties and applications.1-4

Figure 1.1 A homogeneous surface (upper) versus a macroscopically
heterogeneous surface (lower). The latter represents a gradient in color.
2

1.3 Classification of surface gradients
Classification of surface gradients can be complicated as physical, chemical or other
properties can vary over a single gradient surface. Figure 1.2 shows the gradient classification
done by Genzer and Bhat based on physicochemical attributes.2 Though this classification
simplifies the categorization of gradients, the properties on which the gradients are classified are
not mutually exclusive and shouldn’t be regarded as the only way to classify.

Figure 1.2 Classification of surface gradients based on its attributes
(Reproduced from reference 2 with permission of ACS).
A. Based on preparation:
1. Chemical gradient: A surface that displays a slow variation in chemistries along its length is
termed as chemical surface gradient. These surfaces show differences in the concentration or the
density of a chemical species at different positions. The change in chemistries leads to changes in
3

physical properties like wettability, optical and electrical properties. The most common ways to
modify a substrate include: (a) exposure of a substrate to a modifier in a time-dependent fashion;
for example, the use of controlled rate infusion (CRI) method to form a gradient over silica
substrates by Collinson’s research group.5-11 (b) Scanning of a modifier source across the
substrate; for example chemical modification of substrates by exposing to UV and X-rays.12-15
2. Physical gradient: The gradual variation in physical properties like roughness, porosity and
rigidity of the substrate apart from wettability are termed as physical gradients. In the majority of
times, the chemistry of gradients has to be altered to bring a change in its physical property. For
example, by diffusing mixtures of acrylamide and bis-acrylamide, Wang et al. have shown a
rigidity gradient on substrates.16 Einaga et al. has also created morphology gradient on diamond
films by chemical vapor deposition.17
B. Based on dimensionality: Surface gradients can be classified as 1D, 2D or 3D depending on
aspects (direction, width, length, thickness) in which the gradients are obtained. The dimension
of gradients depends primarily on the matrix dimension over which it is formed. For example,
Luzinov et al. have prepared 3D gradients by spin coating the monomers and subsequently
polymerizing to form polymers by a temperature gradient technique.18
C. Based on direction: All surface gradients show variations in physical or chemical properties
in one or more directions. If the change in properties is along one particular direction then it is
termed as an unidirectional gradient. A gradient in two different directions is termed a
multidirectional gradient. The gradient can also be orthogonal in direction. For example,
Collinson et al. have prepared multi component gradients which are either aligned or opposed
based on the direction they are heading with respect to each other.8
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D. Based on length scale: Depending on the length scale, gradients are either classified as
continuous or discontinuous gradients. Continuous gradients show continuous variation in one or
more properties over their entire length. Discontinuous gradients are formed when two
chemically different surfaces/regions are adjacent to each other. Thus there is a drastic variation
in physical and chemical properties of discontinuous gradient surface. For example, Collinson’s
research group has produced continuous gradients on silica wafers, TLC plates and fused
capillaries6-11 while Cimpoui et al. have produced discontinuous gradients, which consists of
serially connected silica and cellulose TLC plates.19
E. Based on temporal dependency: The gradient surfaces possess properties based on their
fabrication; these properties may remain unchanged and stable on exposure to different
parameters.

Such gradients are called static gradients. Dynamic gradients, however, show

changes in properties on exposing to external parameters like pH, temperature, electric and
magnetic field. For example, Ionov et al. made a gradient from poly acrylic acid and poly (2
vinyl pyridine) that swelled at high and low pH, respectively.20
F. Based on functionality: The functionality of a gradient can be classified into 3 main types:
driving a phenomenon, recording a phenomenon and screening a phenomenon.
1. Driving a phenomenon: This involves use of a gradient surface for a process to occur. For
example, Chaudhury and Whitesides have studied motion of water droplet that occurred on a
gradient surface by varying its hydrophobicity.21
2. Recording a phenomenon: This involves use of a gradient surface to study, record or
measure a particular process. Different gradient shapes can be conveniently used for studying
processes like adsorption, desorption, polymerization or any other reaction taking place. For
5

example, Tomlinson et al. have studied the surface initiated polymerization of poly (methyl
methacrylate).22-23
3. Screening a phenomenon: This involves use of gradient surfaces to study and observe the
different phenomena. For example, gradient shapes have been used to study island/holes/flat
surfaces over a wide range of film thickness.24-25
1.4 Fabrication of surface gradients
Fabrication of surface gradients can be done by two main ways: (1) Constructive
modification: This involves the formation of a functionality gradient on a suitable surface which
doesn’t contain any functionality. For example, the formation of an amine gradient on an
unmodified silica thin layer chromatography (TLC) plate. (2) Destructive modification: This
involves converting a functionality bearing surface into a functionality gradient surface. For
example, removal of thiol from a thiol modified electrode surface using suitable electric
potential.29 Preparation of gradients by constructive and destructive modification has been done
using three approaches: self assembly, polymer-based techniques and silane-based chemistry.
1

Each of these approaches are explained below:

1.4.1 Self assembled monolayers (SAM) techniques on gold and silver substrates
SAM’s are produced as a result of self assembly of a modifying agent/surfactant on
surfaces.26 Organic thiols show good affinity for both gold and silver due to the electrostatic and
van der Waal interactions between the adsorbate and the surface.26 Single component SAM’s
with a terminal functional group (e.g. sulfonate or trimethylammonium group) or mixed SAM’s
with two or different functionalities (e.g., N,N-dimethyl-aminopropane-1-sulfonic acid or 2trimethylaminoethylester) can be formed on gold, silver and other metal substrates.27 Liedberg
6

and Tengvall were first to develop an alkanethiol gradient using diffusion. A polysaccharide
matrix covered gold substrate was used and two different alkanethiol solutions were added
behind glass frits placed at the two ends on a gold substrate. The alkanethiols solution diffused
from one end of the matrix to the other for several hours forming thick monolayers with a
gradual change in functionalities.28 The other method to prepare gradients was by desorption of
alkanethiols using an electric potential. Terrill et al. electrochemically desorbed an octanethiol
from the surface of electrodes as shown in Figure 1.3A. The surface was then backfilled with 3mercaptopropanoic acid in the areas exposed by desorption of octanethiol. The width between
the potentials and electrode positions were responsible for the gradient shape.29 Blondiaux et al.
used a gradient in oxygen radical concentration to oxidize a TiO2 film using a photo mask and
this oxygen radical removed the monolayer, which was later modified by other component.30
Modification of SAMs by low energy electrons was done by Ballav et al. 15 Contact printing was
also used to create a gradient on a gold substrate using alkanethiol saturated
polydimethylsiloxane (PDMS) stamps as shown in Figure 1.3B. These stamps were printed on
the gold substrate; the thicker region of stamp had more alkanethiol groups attached than the
thinner region, thus forming the functionality gradient.31 The multi-component gradients using
alkanethiols can be formed by a two-step immersion process. Immersion in the first solution is
done under such a way that a gradient in surface coverage of an adsorbent is obtained. The
gradient formed is a monolayer, which is then saturated by immersion of the substrate into a
solution containing another type of adsorbate.32 An island type structure was observed on such
gradients.33
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A

B

Figure 1.3 Preparation of alkanethiol surface gradients on gold substrates by A.
Selective desorption of octanethiol from gold electrode by adjusting the electrode
potential and its position. B. Contact printing by alkanethiol saturated
polydimethylsiloxane stamps on gold substrate. (Reproduced from references 29 and 15
with permission of ACS).
1.4.2 Polymer gradients
A surface gradient formed by chemisorption of polymers onto a substrate is termed a
polymer gradient. They are obtained directly by chemically grafting polymers onto a surface or
by the polymerization of the monomers adsorbed on a surface.34 Commonly used monomers are
ethylene glycol, vinyl pyridine, methylacrylate, acryl acid and acryl amide, etc. Techniques such
as surface irradiation, corona discharge, exposing to etching solution were used for formation of
polymer gradients.35-36 Tomlinson and Genzer used a technique where the monomer solution is
drained from the vessel containing the substrate that forms the molecular weight gradient on the
substrate as shown in Figure 1.4A. The gradient obtained is a brush-like polymer gradient. This
is again modified by either draining or immersing in the other monomer solution.23,37 The brushlike polymer coating gradient can also be formed using the vapor deposition method described
by Chaudhury and Whitesides
38

21

or the liquid diffusion method similar to that done by Elwing.

Atom transfer radical polymerization (ATRP), grafting for or grafting to techniques are also
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used to form polymer gradients.38-39 Photopolymerization and electropolymerization are the other
techniques used to produce brush-like polymer gradients.40-43 Figure 1.4B shows the use of a
moving shutter to control the irradiation time of PEG methacrylate solution, which resulted in
formation of a crosslinked PEG thickness gradient.40 Exposing monomer bonded substrates to
radiation or to etchants by varying the irradiation power or time of contact with etching solutions
also produces polymer gradients.35-36,44

A

B

Figure 1.4 Formation of polymer gradient surfaces A. By draining the polymeric solution
through the substrate bound initiator that can cause polymerization B. Photopolymerization
of polymer by exposing it selectively to the UV light using photo mask. (Reproduced from
references 23 and 47 with permission of ACS).

1.4.3 Silane chemistry (chlorosilanes)
Chlorosilanes are commonly used for surface modification of different substrates.
Chlorosilanes may be primary, secondary or tertiary in nature. They get bonded to the surface by
two important reactions like hydrolysis and condensation. For binding, the substrate must have
the reactive silanol or hydroxyl groups. In presence of water or moisture, the chlorosilanes
become hydrolyzed and react with each other and/or with surface silanol groups attaching either
alkyl or organic functional group to the surface and giving off hydrochloric acid (HCl).45
Diffusion-based methods are the most common technique used for the preparation of surface
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gradients on silica substrates using chlorosilanes. Figure 1.5 shows both vapor and solution
diffusion approaches to form a gradient on substrates containing reactive silanol functional
groups. Chaudhury and Whitesides dissolved decyltrichlorosilane in paraffin oil. The vapor
diffused across a silicon substrate placed beside it.21 The part of the slide closest to the paraffin
oil was modified to a greater extent than the part of the slide that was furthest away was least
modified. The difference in coverage of the silane on silicon surface is shown in Figure 1.5A.
Elwing et al. were the first to develop silane diffusion in liquids.46 They used
dichlorodimethylsilane dissolved in trichloroethylene and added it to xylene as shown in Figure
1.5B, where by xylene and trichloroethylene diffused into each other. The differences in density
of the two solvents lead to the formation of a wettability gradient as dichlorodimethylsilane
diffuse into xylene to bind to the silica substrate. A dimethyl gradient on the immersed silicon
substrate was obtained.46 Other techniques used to prepare surface silane gradients were microcontact printing,47 oxidation of silanes by UV rays using density filters48-49or by varying the
silane-surface exposure time.13,50-51 Another method to prepare the surface gradient was by
pumping the silane linked polymerization initiators into a vessel containing the substrate and by
controlling the adsorption time of silanes.52
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A

B

Figure 1.5 Diffusion technique for gradient preparation: A. The silane is evaporated and the
vapor is allowed to diffuse on the substrate. B. A solvent containing silane was diffused into
another solution. (Reproduced from references 21 and 46 with permission of AAAS and
Elsevier respectively).
1.4.4. Silicon alkoxides
Alkoxysilanes are also used in the modification of silica and glass substrates.53
Functionalized alkoxysilanes, in particular, can be used to deposit different organic groups on the
substrates using sol-gel chemistry.53-57 The alkoxysilanes are represented by the formula given
below

where R is an alkyl or aryl group, which is non-hydrolysable. The majority of times an organic
functionality like amine (NH2), thiol (SH), cyano (CN), phenyl (C6H5-) is attached to silicon
atom through an alkyl chain. R’ is an alkyl group like CH3 or C2H5 which is hydrolyzed either in
acidic or basic medium. The ‘x’ can be any number from 1 to 3. Some common alkoxysilanes
are shown in Figure 1.6 below.
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A

C
D
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F

Figure 1.6 Commonly used alkoxy and organoalkoxysilanes in silane chemistry: A.
tetramethoxy silane (TMOS) B. tetraethoxy silane (TEOS) C. 3-aminopropyltriethoxy silane
(APTES) D. phenyltrimethoxy silane (PTMOS) E. 3-mercaptopropyltrimethoxy silane
(MPTMS) F. 3-triethoxysilylpropionitrile silane (TEPNS).

The alkoxysilanes in solution can undergo two major reactions: hydrolysis and
condensation
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1. Hydrolysis: In this reaction, the alkoxy groups on the organoalkoxysilanes are replaced with
hydroxyl groups through reaction with water forming alcohols as a byproduct (Figure 1.7). Both
acids and bases are used as a catalyst for this reaction, but generally acid catalysts are preferred.
Both acid and base catalyzed hydrolysis occurs by Si SN2 reaction.56 Under basic conditions, the
hydroxide anion attacks the Si atom to form a negatively charged pentacoordinate intermediate
and the alkoxy anion is lost.56-57 Under acidic conditions, the protonation of alkoxy group occurs
giving it a positive charge followed by a nucleophilic attack by water. Then the protonated
alkoxy group leaves the penta-coordinated complex to give a hydrolyzed product. 56-57

Figure 1.7 Typical hydrolysis of an organoalkoxysilane by water in presence of an acid or
base catalyst.

2. Condensation: Condensation begins either concurrently with hydrolysis or sometimes after
hydrolysis reaction. Completely hydrolyzed or partially hydrolyzed silanes are capable of
condensation. It can occur between the two or more hydrolyzed silanes or between hydrolyzed
silane and the surface silanol or hydroxyl groups (Figure 1.8). The hydrolyzed silanes react with
each other to form siloxane molecules (Si-O-Si). This reaction is also catalyzed by acid or base,
but generally bases are used for condensation.56 Similar to hydrolysis, condensation occurs by Si
SN2 reactions. Base catalysis proceeds by forming a silanolate anion, which attacks other silane
molecules forming siloxanes. Acid catalysis occurs as the protonation of one of the hydroxyl
group takes place and is later lost on attack by another silane molecule. 57 Condensation can also
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occur between the different silanol groups on the same hydrolyzed silane molecule.
Condensation causes polymerization of alkoxysilanes.

Hydrolyzed organoalkoxysilanes

Siloxane

Figure 1.8 Typical condensation reaction where the hydroxyl groups on silanes react with
other hydroxyl group or with the alkoxy groups to form Siloxane (Si-O-Si) bond.

Both hydrolysis and condensation depend on pH and the silane-to-water ratio.56 At lower
pH, hydrolysis is faster compared to condensation resulting in formation of linear molecules
which are less crosslinked.53 These linear chains slowly entangle through additional branches
causing gelation.53 At higher pH, the hydrolysis is slower but condensation is faster resulting in
formation of branch clusters and crosslinking of molecular chains causing polymerization. 38 The
other factors that affect hydrolysis and condensation are the chain length and branching of R
groups on organoalkoxysilanes. 53,56-57 The rate constant for these reaction varies inversely with
an increase in branching and chain length. 53,56-57 Different organic groups like NH2, CN, C6H5,
etc depending on their bulkiness and polarity are capable of inducing steric and inductive effects.
The acidic and basic nature of organic groups on the silicon alkoxides influences their reactivity
towards substrates. For example, the amine group on 3-aminopropyltriethoxysilane being a base
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can expedite SN2 reaction, thus increasing the rate of hydrolysis and condensation of this
precursor.54-57
In this work 3-aminopropyltriethoxysilane (APTES) and phenyltrimethoxy silane
(PTMOS) were used majorly. Their nature and reactivity is discussed below.
1.5 3-Aminopropyltriethoxysilane (APTES)
APTES is a commonly used aminosilane. In presence of water or moisture it reacts with
the silanol groups on a substrate to form a film containing amine groups.5-11 An additional
feature of APTES is that the basic amine functional group helps it to act as a self-catalyst
increasing the rate of hydrolysis and condensation.5-8,11 The reactions of APTES with surface
silanol groups have been well studied.5-11 APTES needs water or moisture to promote hydrolysis
and form monolayers to multi-layers on the silica substrates. Condensation of APTES molecules
with each other and with the surface silanol groups occurs by formation of siloxane (Si-O-Si)
bonds. Polymerization of APTES occurs if excessive water is available, while a deficiency of
water produces incomplete monolayers.58 Some researchers have also shown that APTES is
capable of forming SAM’s.58 Water or moisture present in the silane layers is responsible for
hydrolysis as well as amine protonation.59 The surface nitrogen of amine exists in three different
forms: free amine [N] which resists protonation, ammonium form which resists deprotonation
[NH] and an active reversible protonated form [N/ NH].60 The protonation of amine can be
detected using XPS, where a ratio of free amine to protonated amine is measured [N/ NH].60 The
protonated amine shows higher binding energy than that of free amine. Addition of an acid
catalyst is also capable of carrying out the protonation of amines.61-63 It has also been reported
that the APTES bonded to surface silanol groups exist in a zwitterionic form which occurs due to
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the proton transfer by the hydrolyzed silanol groups.64 Fourier transform infrared spectroscopic
studies have shown that APTES are capable to form cyclic structure on hydrolysis due to
hydrogen bonding interactions.65 If APTES is left unchecked for a long time it can form a dense
film. Surface coverage of amine on APTES modified substrates was reported on average to be
between 2.1-4.2 amine groups per nm2.66
APTES has found many applications like an adhesive in fiber, glass and epoxy
composites,67-69 in production of temperature and photo sensitive films,70-72 for protein
adhesion,73 cell growth74-76 and as a biosensor.77-79 Different analytical techniques like
colorimetry,7 Atomic Force Microscopy (AFM),71 Fourier Transfer Infrared Spectroscopy
(FTIR),80-81 X-ray Photoelectron Spectroscopy (XPS),11,71 Nuclear Magnetic Resonance
(NMR),82 and water contact angle58 has been used for detection and study of APTES on
substrates. The kinetics of APTES depends on solvent used to dissolve it, concentration, reaction
time and reaction temperature.5 Recently our research group has reported that the reaction
kinetics for silane bonding to a SiOH modified surface increases with diamines and triamines,
but decreases when secondary and tertiary amines are present due to steric hindrance.6
In this work, the analysis of amine on substrates has been done using XPS. In XPS the
sample is irradiated with X-ray beam to eject the core electrons from different atoms.83 The
spectrum obtained is the measure of the electrons emitting per unit time to that of binding energy
(BE) of the electrons. The BE is calculated by the formula shown below
BE= hν – (KE + φ)
Where:
BE: binding energy of electrons
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hν: photon energy
KE: kinetic energy of electrons
φ: work function of the instrument
XPS is a sensitive technique used for qualitative and quantitative purpose. It can
accurately analyze top few surface layers (~ 5 nm). It is used commonly to study surface
chemistry, chemical composition, empirical formula, chemical and electronic state of the
elements within a material.83
1.6 Phenyltrimethoxysilane (PTMOS)
PTMOS has the bulky phenyl ring attached to silicon atom along with three methoxy
groups. Unlike APTES, PTMOS is not very reactive and needs acid and base catalyst to
accelerate hydrolysis and condensation reactions, respectively. It is used for preparation of
hydrophobic surfaces, for example. In chromatography, reversed phase columns are prepared
using phenyl (C6H5) bonded stationary phases that offers different selectivity than C18, C10 or
C8 columns. Not only does PTMOS have a slower reactivity, it is not able to form strong
covalent bonds with silanol groups. Thus to enhance the condensation and to strengthen the
bonding, phenyl modified substrates are heated in oven.8 In our research group, detection of
phenyl on silica TLC plates has been done using diffuse reflectance spectroscopy.11
Characterization of phenyl was done using diffuse reflectance spectroscopy. In diffuse
reflectance an UV, visible or infra red light is irradiated on the surface, some of it gets absorbed,
reflected, transmitted, scattered, etc. However, some of the light after multiple scattering within
the sample is reflected back to the detector. The intensity of this light is proportional to the
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concentration of the species. Diffuse reflectance gives the percent reflectance (% R) which is
then converted to absorbance/ Kubelka Munk function (KM function) using following equation84
F (R) = (1-R)2/2R = k/s
Where:
R: absolute reflectance
k: molar absorbtivity coefficient
s: scattering coefficient
The spectrums are plotted in terms of KM intensity as a function of wavelength. The
technique is not as sensitive as XPS but helps in characterization of solid samples.
1.7 Gradients via sol-gel chemistry
Two methods to form surface gradients via sol-gel chemistry are termed infusion
withdrawal dip coating (IWDC)85-86 and controlled rate infusion (CRI).5-11 Both the methods are
discussed below.
1.7.1 Infusion withdrawal dip coating (IWDC)
The IWDC method was developed by Higgins research group and involves the formation
of silica films with macroscopic polarity gradients.85 Figure 1.9 below depicts the assembly used
to prepare gradient via IWDC method. A pre-deposited silica substrate was infused with TMOS
by placing it in the glass reservoir. A methyltrimethoxysilane (MTMOS)-based sol was infused
into the reaction vessel at a given rate. Simultaneously the mixture was withdrawn from the glass
cell by pumping it out using a syringe pump. The rate of withdrawal was faster than rate of
infusion allowing approximately 0.2-0.3 mm/min drop in sol level. Because the concentration of
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MTMOS increased with time, a polarity gradient was formed with the higher concentration of
methyl groups located on the bottom end of the substrate.86

Figure 1.9 A. Schematic diagram showing infusion withdrawal dip coating (IWDC) where a
gradient is formed on the substrate by infusing methyltrimethoxysilane into the reservoir
containing tetramethoxysilane and the other glass tube is withdrawing the silane mixture
simultaneously. B. The actual IWDC apparatus while preparing gradient. (Reproduced from
the reference 85 with the permission from ACS).

1.7.2 Controlled rate infusion (CRI) method
All the surface gradients discussed in this work were prepared using CRI. Thus this
method will be described in detail. CRI method was first developed by Collinson’s research
group.

5-11

It has been successfully used to prepare silane gradients on wide range of silica

substrates.5-11 CRI is a simple method used for fabrication of surface gradients by infusing the
organoalkoxysilane solution onto the substrates. The infusion is carried out in a time dependent
fashion at a set rate on a vertically placed substrate containing reactive silanol groups. Figure
1.10 shows the CRI assembly used for preparation of gradients. The syringe filled with silane
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solution is mounted on a syringe pump. The infusion rate is adjusted, infusion time is fixed and
the silane solution is then pumped onto the substrate. In CRI concentration of the silane solution,
infusion time and infusion rate plays important role in controlling gradient profile and shapes.
CRI has several advantages over the other methods used for preparation of gradients. CRI
is simple method requires only a syringe pump and a syringe. Simple tuning of the infusion rate
and infusion time can help achieve different gradient profiles and shapes. Planar and tubular
substrates of silica and cellulose can be easily modified using CRI. For CRI to form a surface
gradient, the substrate must have reactive silanol or hydroxyl groups. A substrate that lacks
sufficient reactive groups can also be modified by first forming a reactive base layer on their
surface. This is achieved by spin coating the TMOS derived sol on the surface.

II

I

Figure 1.10 Controlled rate infusion (CRI) assembly for preparation of a surface gradient
over a substrate: I. The silane is infused onto a substrate at a given rate. II. The syringe
pump has infused almost all of the silane, the bottom part of substrate was exposed to it for
longer time than the top part.
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1.8 Application of gradients in chromatography
Liquid chromatography (LC) is a widely used separation technique. Separations
involving biological materials and natural organic and inorganic extracts are complex because of
their wide range of polarities and affinity, reactivity towards stationary phases and solvents.
Simple isocratic elution often fails in separating these mixtures hence gradient elution has to be
used. In gradient elution, the polarity of the mobile phase is varied during the course of
chromatographic separation. This is in contrast to isocratic elution, where the composition of
mobile phase remains unchanged during entire separation. The implementation of mobile phase
gradients in liquid chromatography is common and has been done for decades as a means to
improve efficiency, selectivity and resolution. Schellinger and Carr compared isocratic and
gradient elution on the basis of several factors including selectivity of solutes.87 They have
shown that isocratic elution is preferred over gradient elution whenever both techniques are
capable of separating the solutes from the mixture. Gradient elution, however, has an advantage
when there are more than 10 components in a sample or when the retention factor (k) of these
components exceeds 15. Gradient elution also decreases analysis times and is reproducible in
terms of retention time, peak widths and peak heights. The re-equilibration time required for
gradient elution, however, is longer and gradient elution is not an easy process for method
development. Many solvent sensitive detectors (example, mass spectrometry) lose their
sensitivity when the composition of the mobile phase is continuously varied.87 A comparison
between gradient and isocratic elution is shown in Table 1.1 below.
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Table 1.1 Comparison between gradient and isocratic mobile phase elution for
HPLC where performance is judged as (++) excellent; (+) good; (-) fair and (--) poor
(Reproduced from the reference 87 with permission from Elsevier).
Current comparison of gradient and isocratic elution performance
Metric

Gradient elution

Isocratic elution

Small k′ range (1 < k < 15)

−

++

Large k’ range (kmax ›› 15)

++

−−

solutes)

++

−

Method transfer

−

++

disturbance)

−

++

Re-equilibration time

−−

++

Method development

−−

+

Instrumentation simplicity

−−

+

Peak

capacity

(10

Quantitation

or

more

(baseline

Further improvement to liquid chromatography can be done by adjusting minor factors
like temperature of the column and pH of the solvents used as mobile phases. Alteration of these
three parameters has improved selectivity in liquid chromatography but still hasn’t achieved the
highest standards.
Alternatively, modifications in the stationary phase can also help in achieving better
selectivity thus improving resolution for complex analyte mixtures. Chemically bonded
stationary phases have functional groups (NH2, SH, C6H5) covalently attached to its surface.88
Tanaka et al. have observed that chemically bonded stationary phases were capable of increasing
solute-solvent interaction through steric and π- π bonding, enhancing both the retention and
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selectivity in reversed phase liquid chromatography.89 They also proposed that the stationary
phases could retain compound of similar nature. For example, aromatic stationary phases
retained unsaturated compounds while rigid compounds were retained on rigid stationary phases.
The other option is to use a stationary phase gradient. The gradients can be of continuous or
discontinuous nature as discussed below.
1.8.1 Continuous and discontinuous stationary phase gradients
Figure 1.11 depicts a continuous and discontinuous stationary phase gradient.

A

continuous gradient has a gradual but constant variation in its chemical and physical properties.
On the contrary, a discontinuous gradient consists of different non-homogeneous regions that
display a sudden change in its properties as shown below. Of the two, discontinuous gradients
are much more popular, likely due to ease of preparation. Both continuous and discontinuous
stationary phase gradients have been prepared for planar and column chromatography and are
discussed in more detail below.

Figure 1.11 (Top) Continuous stationary phase gradient whose gradient density decreases
from left to right. (Bottom) Discontinuous stationary phase gradient where A, B, C, D and
E represent different homogeneous compositions that are connected serially.
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1.8.2 Stationary phase gradients for TLC
The preparation of gradient stationary phases on TLC began as early as in 1960’s. Berger
et.al. in 1963 were first to prepare discontinuous stationary phase gradients on TLC plates.90
Later, additional researchers like Stahl, Muller, Warren were able to make continuous stationary
phase gradients using an device called gradient mixer applicator (GM applicator). 91-93 The GM
applicator as shown in Figure 1.12A consisted of divider (either linear or diagonal), mixer and
applicator. Different adsorbent slurries were added to different compartment of a divider, each
slurry was mixed to form uniform mixture and finally poured on a TLC plate by an applicator in
a controlled fashion to form discontinuous gradients. Many of these scientists worked to improve
this apparatus for consistent and uniform application of slurry.92 The gradients were prepared
using adsorbents like silica, aluminum oxide, cellulose, Kieselguhr, etc or a gradient in pH.92 The
formation of a successful gradient layer was confirmed by incorporating a fluorescent tracer in
an adsorbent layer that could be traced under UV light. pH gradients were analyzed by spraying
a universal pH indicator. The gradient layer on TLC plates allowed spotting and flow of mobile
phase in three different directions as shown in Figure 1.12B. Though stationary phase gradients
were prepared successfully, the apparatus and method employed took longer time to form
gradient layers on TLC plates than anticipated, the layers formed were not uniform and were
difficult to reproduce.92 The procedure was also sensitive as the two adsorbents had to be mixed
in exact amounts to form a gradient layer that could provide the required separation.92
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A

B

Figure 1.12 A. The 3 main parts (divider, mixer and applicator) of GM applicator device
used to prepare stationary phase gradient on TLC. B. The stationary gradient phases on
TLC plates showing the gradient direction and the mobile phase flow direction.
(Reproduced from the reference 92 with permission from Wiley online library).
More recently Cimpou et al. prepared another discontinuous stationary phase gradient on
TLC plates for separation of water soluble vitamins.19 Discontinuous stationary phase gradients
on TLC plates were fabricated by clamping two different TLC plates together containing
different adsorbents: silica and cellulose.19
In the Collinson group, continuous single and multi-component gradients on TLC plates
were successfully prepared using CRI. The confirmation of a continuous functional gradient was
done by colorimetric method using ninhydrin, diffuse reflectance spectroscopy and X-ray
photoelectron spectroscopy (XPS). Their applications for separation of weak acids-weak bases,
water and fat soluble vitamins and metals were also demonstrated.7-9 All these studies also
pointed out the differences in selectivity that can be obtained using continuous gradients.
1.8.3 Stationary phase gradients for column chromatography
The most common way to prepare a gradient stationary phase for column
chromatography is by serially connecting two or more chemically bonded stationary phase
columns in series. Different functionalities on stationary phases of each column can give
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different interactions with solutes causing their retention and affecting their selectivity. It has
also been demonstrated that by altering the nature of stationary phase and length of the column
better resolution of different mixtures with improved selectivities can be achieved.94 Many
efforts have been made to improve selectivity of such discontinuous stationary phase gradients
using a technique called ‘Stationary phase optimized selectivity liquid chromatography’
(SOSLC).95-96 SOSLC is a technique used to optimize the separation of a particular mixture by
choosing a suitable combination of columns with functionally modified stationary phases.97 The
retention factor of solutes on different stationary phases is analyzed. The retention times are then
estimated on different combination of the stationary phases and the best combination of columns
showing the maximum selectivity between the solutes is then chosen.97 Statistical models have
been used in combination with SOSLC and other chromatographic methods to optimize the
separation procedures. The PRISMA model works best for isocratic analysis but is not elegant
for step wise gradient or other gradient elution techniques.98 Dead volume formation and
broadening of peaks are common issues encountered when columns are connected in series due
to use of additional connections.99 Some other disadvantages are the columns connected in series
require longer analysis and equilibration time than a single column.
Recently a continuous stationary phase gradient was prepared in situ on a commercial
monolithic column to determine the axial heterogeneity produced by the gradient.100 A phenyl
and cyano gradient on monoliths were prepared by pumping chlorodimethylpropylphenyl silane
and chloro(3-cyanopropyl)dimethyl silane solutions at 30 min intervals using 5 column volumes.
Thiourea and riboflavin were passed through the monolithic columns in forward and reverse
directions. A peak parking was done at different positions in the column and the peak variances
were measured. The results obtained showed significant differences in peak variances when
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compared with the peak variances of thiourea obtained on commercial C18 monolithic column.
Thus it was concluded that the broadening of peak occurs as the gradient direction is changed
indicating the axial heterogeneity of the gradient.
In our research group we have successfully prepared an amine gradient on in-house
prepared monolithic column.11 The gradient on monolithic column was formed by infusing 3aminopropyltriethoxysilane solution through the monolith for 30 min using CRI method. The
gradient formed was continuous in nature and was confirmed by XPS. The uniform amine
column was prepared similarly but by increasing the infusion time to 2 hrs. The selectivity of
these different amine modified columns was checked by separation of aromatic compounds
through the monolithic columns. The differences in selectivity obtained on separating the
mixtures on amine gradient, uniform amine and unmodified monolithic columns were also
demonstrated. Details on this work can be found in chapter 4.
Both continuous and discontinuous gradients can also be prepared using polymers.1
Commonly used polymers include polyethylene glycol (PEG), polymethacrylate, acrylamides,
poly acrylic acid, etc. Polymers offer a wide range of advantages such as they are light weight,
mechanically strong, can form thick films, and can offer multiple functional sites. A polymer
may have more than one functional group and many polymers are responsive to their
surroundings like a change in temperature or moisture, etc.20 Pucci et al.101 used three techniques
to prepare photoinitiated polymer grafting longitudinal gradient stationary phases for capillary
electrochromatography: a moving shutter, neutral density filter and simultaneous control on light
intensity and irradiation time. Currivan et al.102 prepared discontinuous polymer monolith
gradient in capillaries by photografting and segmented co-polymerization methods to form
charge gradient along its length which were analyzed using scanning contactless conductivity
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detection. The other approach to prepare a polymer gradient on stationary phases for capillary
liquid chromatography and capillary electrochromatography was by filling a chemically treated
capillary with functionalized monomeric solutions of increasing hydrophobicity (Figure 1.13).103

A

B

Figure 1.13 A. Preparation of polymeric stationary phase gradients in capillary column
using two different hydrophobic compositions. B. The effect of different polymeric
gradient stationary phases on (I) selectivity and (II) resolution of different analytes
(Reproduced from the reference 103 with permission of Elsevier).
1.9 Challenges associated with stationary phase gradients
Continuous stationary phase gradients have potential to increase the selectivity and to
separate the complex analytical mixtures. To make this a viable solution, several challenges need
to be overcome as described below.
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1. Preparation: Preparation of stationary phase gradients is comparatively more difficult than
mobile phase gradients. Mobile phase gradient elution involves continuous variation in mobile
phase composition during the entire course of chromatographic separation. This is done by
pumping mobile phase consisting of more than one solvent and changing its composition and
rate as and when required. One of the nice features about mobile phase gradient is that the
mobile phase composition and flow rate can be easily changed. It’s much harder to change the
composition of a stationary phase gradient as the entire column must be reconstructed. Unless
accompanied by simulations, the choice of the best stationary phase is often done by trial-anderror. The formation of a stationary phase gradient involves correct tuning of different factors
including the concentration of the modifying agent, reactivity of the modifying agent and
exposure time, etc. While there are many approaches available to prepare stationary phase for
planar substrates such as TLC plates or paper, few gradient preparation methods are readily
adaptable for column chromatography.
2. Stability: The stability of gradients is very important. The physically adsorbed molecules can
be lost while rinsing or passing the mobile phase through the column resulting in stationary
phase bleeding. This will result in loss of column activity giving broad and distorted peaks. The
stationary phase gradient should be stable at a wide range of pH and compatible with many
different solvents used in chromatographic separations. The gradient layer shouldn’t deplete,
bleed or be involved in unwanted reactions with analytes and provide stability for few thousand
runs.
3. Applicability: The gradient stationary phase should have wide applications and should be
employed for separations of simple polar molecules to complex biological samples. The
stationary phase gradients should offer wide selectivity to separate analytes of different nature.
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The selectivity should be different from unmodified or uniformly modified stationary phases and
that offered by isocratic or gradient elution of mobile phase.
Though the preparation of stationary phase gradients has begun from early 1960’s, they
are still in their preliminary stages and further research is needed to make their use common and
universal in field of chromatography.
1.10 Overview of dissertation
Surface gradients have found applications for protein adsorption, cell adhesion, catalysis,
controlled transportation of liquids and chromatography.1-3 In chromatography, discontinuous
stationary phase gradients are used to improve the performance of a chromatographic separation
of complex mixtures. But discontinuous gradients suffer from disadvantages like peak
broadening, increased analysis and equilibration time. Thus there is a need to develop continuous
stationary phase gradients that can provide a complete resolution of mixtures and improve
performance.
The goal of this dissertation was to prepare both single and multi-component continuous
gradient stationary phases for planar and column chromatography, characterize their profiles
using different instrumental methods, and evaluate their usefulness in the separation of analyte
mixtures particularly when compared to unmodified and uniformly modified stationary phases.
These goals were initially evaluated by first preparing, characterizing, and evaluating amine and
phenyl single and multi-component continuous gradients on silica TLC plates using controlled
rate infusion. It was found that the profile shapes and surface chemistry of amine and phenyl
gradients changed with changes in order and direction of infusion. The selectivity obtained on
multi-component gradients was different than on single gradient and uniformly modified TLC
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plates. The flexibility provided by CRI method also allowed formation of continuous gradients
on silica monolithic columns. Proof-of-principle studies were undertaken using 3aminopropyltriethoxysilane. Amine gradient and uniformly amine modified monoliths were
prepared and compared to that of unmodified monoliths. When the gradient columns were
characterized by XPS, it was observed that the continuous single stationary phase gradients
showed similar profiles shapes as those obtained on TLC supports. Two different mixtures like
nucleobases and weak acids/ weak bases were separated on unmodified, amine gradient and
uniformly modified amine monoliths. The differences in selectivity were observed for weak
acids/ weak bases mixture on unmodified, gradient and uniform monoliths. This work was
extended and multicomponent amine+phenyl stationary phase gradients were prepared using
CRI.

Similar to that of TLC plates, multi-component amine and phenyl heading in same

direction (aligned) and opposite direction (opposed) gradients were formed on silica monoliths.
The efforts were made to check if these multi-component gradients could produce mixed-mode
and synergistic effects. However, variations in the preparation of monoliths and cladding limited
the quality of the data obtained. This problem was further aggravated by the faulty injector
system of the instrument.

Preparation of continuous gradients were not limited to silica

substrates but were also formed on cellulose substrates. This was done using the silanes APTES,
PTMOS and MPTMS. Because the stability of continuous gradients on cellulose is important in
applications, gradient stability and methods to improve gradient stability were evaluated.
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Chapter 2
Amine-Phenyl Multi-Component Gradient Stationary Phases
Veeren C. Dewoolkar, Balamurali Kannan, Kayesh M. Ashraf, Daniel A. Higgins and
Maryanne M. Collinson
Adapted from J. Chromatogr A. 2015, 1410, 190-199.

2.1 Abstract
Continuous multi-component gradients in amine and phenyl groups were fabricated using
controlled rate infusion (CRI). Solutions prepared from either 3-aminopropyltriethoxysilane
(APTEOS) or phenyltrimethoxysilane (PTMOS) were infused, in a sequential fashion, at a
controlled rate into an empty graduated cylinder housing a vertically aligned thin layer
chromatography (TLC) plate. The hydrolyzed precursors reacted with an abundance of silanol
(Si OH) groups on the TLC plates, covalently attaching the functionalized silane to its surface.
The extent of modification by phenyl and amine was determined by the kinetics of each reaction
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and the exposure time at each point along the TLC plate. The local concentrations of phenyl and
amine were measured using diffuse reflectance spectroscopy and X-ray photoelectron
spectroscopy, respectively. The profile of the multi-component gradients strongly depended on
the order of infusion, the direction of the gradient and the presence of available surface silanol
groups. A slightly higher amount of phenyl can be deposited on the TLC plate by first modifying
its surface with amine groups as they serve as a catalyst, enhancing condensation. Separation of
water- and fat-soluble vitamins and the control of retention factors were demonstrated on the
multi-component gradient TLC plates. Uniformly modified and single-component TLC plates
gave different separations compared to the multi-component gradient plates. The retention
factors of the individual vitamins depended on the order of surface modification, the spotting
end, and whether the multi-component gradients align or oppose each other.
2.2 Introduction
A single-component gradient has one chemical component whose surface concentration
changes in a predictable manner from one end of a substrate to the other. Such materials have
been used to study cell adhesion and migration, directed transport, and protein adsorption among
other phenomena as described in a number of reviews.1-3,104-106 An one-component gradient,
however, may not be sufficient for a number of applications, particularly those that rely on the
interaction of an analyte species with more than one functional group located in close proximity
to each other on a surface. Separation science and bifunctional heterogeneous catalysis are two
areas where such interactions are vitally important. The presence of two or more components,
each having different characteristics (e.g., charge, hydrophobicity), can provide an avenue for
improved retention and selectivity, particularly if the two or more components act together in a
synergistic fashion.
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Multi-component gradients can be inherently more complex to prepare and characterize,
and can also be more molecularly complex on the microscopic length scale. One popular method
to fabricate multi-component gradients involves the selective removal of one component on a
substrate followed by backfilling with another. An early example of this approach involved using
scanning tunneling microscopy-based replacement lithography to remove and replace
alkanethiols self-assembled on gold with a second functionalized thiolate present in solution.107
Bohn et al. have also described an electrochemical gradient technique to form a multi-component
surface whereby functionalized thiols adsorb at certain locations along a potential gradient on
gold and then the remaining uncoated areas are backfilled with a second thiol. This approach can
be followed by immobilizing a specific reagent such as an antibody to the surface via reaction
with a terminal functional group on the gradient surface, thus extending applications.108-112 A
variation of this method has also recently been described that involves the electrochemical
desorption/readsorption of surface modifiers while withdrawing the substrate from solution.113
Other approaches to the formation of multi-component gradients include gradually exposing a
suitable substrate to a modifying solution followed by full immersion,32,114-115 creation of a
gradient monolayer via microfluidic lithography followed by backfilling,116 the use of a photomask followed by electrochemical oxidation and selective immobilization,117 modulating the
exposure time of a self-assembled monolayer on gold to a reducing agent 118 and cross diffusion
of different organothiols through a sephadex gel on a gold slide.28,119-120
We have also fabricated two-component gradients using controlled rate infusion (CRI)5-7
and infusion-withdrawal dip coating (IWDC).86,121-122 These two methods involve a variation of
the sol–gel process.54,123-124 In CRI, a reactive organoalkoxysilane is gradually infused at a
controlled rate into a reaction vessel where it reacts with SiOH groups on the surface of a
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siloxane coated substrate in a time-dependent fashion.5-7 Gradient formation is governed by the
rate of infusion, the rate of reaction, and the concentration of the silane. In IWDC, the siloxanecoated substrate is suspended in a sol prepared from tetramethoxysilane and synchronized
syringe pumps are used to infuse an organoalkoxysilane into the deposition reservoir, while the
mixed sol (and/or the slide) is withdrawn to produce a film.86,121-122 In both of these approaches,
one component is unreacted SiOH and/or Si(OR)x groups due to incomplete condensation and
the other is the pre-determined organic modifier (e.g., CH3, NH2, C6H5, etc.). Thus, a gradient in
the organic modifier also contains a counter gradient in surface silanol (SiOH) groups.
Here, we describe a simple method to generate continuous multi-component silane
gradients using CRI with 3-aminopropyltriethoxysilane and phenyltrimethoxysilane as the
organoalkoxysilane precursors. These multi-component materials have a gradient in amine and
phenyl that either oppose or align with each other in a predictable fashion. Also present are
surface silanol groups, whose concentration will vary along the surface, albeit in a more
unpredictable manner depending on the extent of modification by the amine and/or phenyl
moieties. We also demonstrate a practical application of such materials in the area of separation
science with the separation of a mixture of vitamins on modified thin-layer chromatography
(TLC) plates. We show that the retention factors (Rf) and the degree of separation are highly
dependent on the manner and extent to which the TLC plates are modified.
2.3 Experimental
2.3.1 Reagents
3-Aminopropyltriethoxysilane (98%, APTEOS) and phenyltrimethoxysilane (97%,
PTMOS) were purchased from Alfa Aesar. Vitamins B1 and C were purchased from Sigma–
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Aldrich while vitamins D3 and K1 were purchased from Alfa Aesar. Ethanol (200 proof,
USP/ACS grade) was purchased from Pharmaco-Aaper. Merck Silica gel 60 F254 TLC plates
(20 cm × 20 cm) were used. All plates were from the same batch. According to the manufacture,
the TLC plates have a specific surface area of 480–540 m2/g, a pore volume of 0.74–0.84 mL/g,
and a layer thickness of 210–270 m.
2.3.2 Fabrication of stationary phases
TLC plates were cut into pieces of 8 cm × ∼1.8 cm and soaked in ethanol to first remove
impurities that adhered to the surface and then dried in air. Once dried, they were placed in an
oven at 110 ◦C for 10 min to drive off excess adsorbed water and then cooled to room
temperature. The plates were used without modification, with uniform modification by amine
(A), phenyl (P), or both (A+ P, P +A) and with single gradients of A or P and dual gradients (A+
P aligned, A+ P opposed, P +A aligned and P +A opposed). The uniformly modified substrate
was prepared by soaking the activated TLC plates in either APTEOS solution for less than a
minute or in PTMOS solution for 12 min. A+ P uniform TLC plates were fabricated by first
soaking the activated TLC plates in amine solution (for less than a minute) followed by the
phenyl solution (for 12 min) or in the reverse order for P +A uniform plates. The composition of
the APTEOS solution was ethanol: APTEOS: distilled water (20:0.1:0.1, v/v/v) while the
PTMOS solution was ethanol: PTMOS: 0.01 M HCl: 0.02 M NaOH (15:3:1:1, v/v/v/v). The
PTMOS solutions were prepared by first hydrolyzing PTMOS in 0.01 M HCl followed by
addition of 0.02 M NaOH after 15 min. The solution was further stirred for another 15 min. The
multi-component gradients were prepared using controlled rate infusion (CRI).5 In this method,
the activated TLC plate was placed vertically in a 25 mL graduated cylinder and either the
APTEOS or PTMOS solution was infused at a rate of 20.48 mL/min or 1.38 mL/min,
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respectively, using a syringe pump (New era NE- 1000). Infusion was stopped ∼0.5 cm from the
top of the plate. All the TLC plates modified with the APTEOS solution were immediately rinsed
with ethanol and air dried while those modified with PTMOS solution were directly air dried and
placed in an oven for 1 h at 160 ◦C to form a more stable coating. Both the steps were
sequentially applied to produce the multi-component TLC plates. For aligned gradients, the TLC
plates were placed in the graduated cylinder in the same direction each time, while for opposed
gradients, the slide was inverted between depositions. It is important to note that the
concentration of PTMOS in solution was significantly higher and the infusion time significantly
longer than for APTEOS, leading to a much higher degree of modification of the TLC plates by
phenyl in contrast to amine. Figure 2.1 depicts a cartoon of the fabrication of amine-phenyl
multi-component gradients.

Figure 2.1 Fabrication of multi component gradient TLC plates by controlled rate
infusion (CRI).
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2.3.3 Characterization of stationary phases
The extent of amine and phenyl modification across the length of the TLC plates
(gradient profile) was assessed via X-ray photoelectron spectroscopy and by diffuse reflectance
spectroscopy, respectively. XPS was performed with a Thermo Fisher ESCA lab 250 imaging Xray photoelectron spectrometer (Al KR (1486.68 eV)), using a 500 µm spot size, 50 eV pass
energy, 0.1 eV step size. The TLC plate was first cut into five 1.5 cm length pieces, the powder
scrapped off each piece, and mixed to form a uniform sample. Approximately 1 mg of powder
was then firmly pressed on conducting tape on a 5 cm × 2 cm sample holder and XPS spectra
were collected at three different points on each powdered sample. The mean and standard
deviation are reported. Charge corrections of the peaks were done using the C1s peak at 284.6
eV. The area under the N1s peaks was calculated using commercially available software
(Avantage Version 4.4). For the phenyl modified TLC plate, the plate was cut into 5 pieces of
∼1.8 cm × 1.5 cm along its length starting at ∼0.5 cm from the top and each piece examined
using a diffuse reflectance spectrophotometer (Agilent technologies, Cary Series 6000i UV–Vis–
NIR). The reflectance relative to that of an unmodified TLC plate was converted using the
Kubelka-Munk (KM) equation and the K-M function plotted against wavelength. The average
value at 260 nm obtained from three separate TLC plates was used to create the profile plots.
2.3.4 Separations
The separations of vitamins B1, C, D3, and K1 were carried out in triplicate on
unmodified, amine and phenyl uniformly modified and gradient TLC plates. The TLC plates
were spotted with 3 spots, which consisted of vitamins B1 (20 mg/mL) and C (10 mg/mL) in
methanol, vitamins D3 (2 mg/mL) and K1 (0.6 mg/mL) in methanol, and a mixture of all four
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from left to right, respectively. The TLC plates were spotted 1 cm above the bottom edge and
placed in a chamber pre-saturated with freshly prepared mobile phase consisting of chloroform:
ethanol: water: glacial acetic acid (2:8:2:0.5, v/v/v/v). The solvent front was allowed to travel 7
cm on each TLC plate. Once the mobile phase reached the predetermined mark, the TLC plates
were removed from the chamber and air dried. The TLC plates were visualized under UV
radiation at 254 nm and the retention factor (Rf) calculated by Rf = distance travelled by
analyte/distance travelled by the solvent front. The average Rf factor and standard deviation
obtained from chromatograms on three TLC plates separately prepared on a given day are
reported.
2.4 Results and discussion
2.4.1 Fabrication of amine and phenyl modified TLC plates
In this work, amine and phenyl silane gradients were fabricated on silica TLC plates
using CRI.5-7 In this method, a solution containing either the amine or the phenyl silane is
infused at a fixed rate into a graduated cylinder holding the vertically aligned TLC plate. The
condensation of the hydrolyzed amine precursors to surface silanol groups proceeds fairly
rapidly because of the self-catalyzing ability of the amine group.6,58,115 An external catalyst is not
necessary.115 For the deposition of the phenyl silane, the condensation reaction with surface
silanol groups and/or to each other is notably slower. As a result, an external catalyst (OH−) was
added to the sol after first hydrolyzing PTMOS with acid. The immobilized amine could also act
as a catalyst particularly when it is deposited first, as in the case of the A+ P plates. Heating the
modified plate at 160 ◦C was necessary to attach the phenyl moieties to the TLC plate and
prevent them from being removed during rinsing or separation. During infusion, the bottom of
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the TLC plate is exposed to the silane for a longer period of time than the top; hence the surface
density of the organic group decreases from bottom to top. In contrast, the uniformly modified
TLC plates should have a uniform coverage of amine (uniform A), phenyl (uniform P) or both
amine and phenyl (uniform A+ P, uniform P +A) while dual-component gradients should exhibit
a surface gradient in amine (A) or phenyl (P) from top to bottom. For clarity, gradients prepared
from either amine- or phenylalkoxysilanes are termed ‘single-component gradients’ and those
prepared from both precursors in a sequential fashion are referred to as ‘multi-component
gradients’. In all cases, however, surface silanol groups will also be present, and their surface
concentration will also vary from bottom to top depending on the extent of modification.
For multi-component gradients, the extent of modification will depend on the order of
infusion (A+ P or P +A) and the direction of the gradients (aligned or opposed). The expected
dependence on order arises because the amine can act as a catalyst and promote the condensation
of hydrolyzed organosilanes (e.g., phenylalkoxysilane) to surface silanol groups on the TLC
plate, leading to greater coverage of phenyl on the A+ P uniform and gradient plates vs P +A
modified plates. Steric factors may also contribute. The presence of phenyl groups may limit the
accessibility of hydrolyzed precursors to surface silanol groups resulting in lower coverage of
amine groups in the P +A vs A+ P uniformly modified and gradient plates. Likewise, for the
multi-component gradient plates, direction is expected to matter as the extent of modification
depends on the surface density of functional groups (both NH2 and/or SiOH), which varies
across the length of the substrate. A different extent of modification is thus anticipated when the
gradients are aligned vs opposed.

40

2.4.2 Characterization of amine and phenyl gradient and uniformly modified TLC plates
The presence and extent of amine modification on TLC plates was evaluated using X-ray
photoelectron spectroscopy. In this experiment, the TLC plates were cut into five pieces each 1.5
cm in length starting 0.5 cm from the end and the powder scraped off each piece. Approximately
1 mg of this powder was carefully and securely pressed on conducting tape and XPS data
collected from three locations on each powdered sample for a total of 15 spectra per gradient
plate. Figure 2.2A shows the N1s XPS spectra acquired from each powdered sample removed
from an aligned multicomponent gradient (P +A). The peak appears at ∼400 eV, corresponding
to the binding energy of the free amine.5 Consistent with the formation of a gradient in amine,
the peak increases in intensity from top to bottom. Likewise, the presence and extent of
modification by phenyl groups was evaluated by diffuse reflectance spectroscopy in the UV
region at 260 nm, as shown in Figure 2.2B Consistent with the presence of a gradient in phenyl,
the K-M function increases from top to bottom. To best see how the extent of modification
changes along the length of the TLC plate, profile plots were constructed from spectra such as
those shown in Figure 2.2.
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Figure 2.2 A. N1s XPS spectra collected from five sections along the length of a
multicomponent gradient plate from the top (red line) to the bottom of the gradient (green line);
B. Diffuse reflectance converted to K-M function for five sections of a gradient phenyl plate
from top (purple line) to bottom (black line).

The shape of the gradient profile depends on factors such as reaction kinetics, silane
concentrations, infusion rate, order of infusion, and the presence and extent to which the plate
has already been modified.5-7 As expected, for the unmodified, as received plates, negligible
signal was observed (data not shown). Likewise, as expected, both the uniformly modified onecomponent and two-component TLC plates depict a near constant intensity/K-M function along
their length, Figure 2.3. The magnitude of the intensity/K-M function depends on the number of
components the plates are modified with as well as the order of modification for the multicomponent plates. For the A+ P uniformly modified TLC plate, the surface silanol groups react
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first with the aminosilane followed by the phenylsilane. In this case, the surface immobilized
amine can act as a catalyst and enhance the condensation of phenylsilane precursors to the
surface silanol groups, resulting in a slightly higher K-M function for phenyl at 260 nm (∼4.5)
on the multi-component plate (Figure 2.3B) compared to the phenyl-only TLC plate (∼4; Figure
2.3A). For the P +A uniform plate (Figure 2.3C), the K-M function at 260 nm is slightly lower
than that observed on the phenyl-only plate (Figure 2.3A), and can likely be attributed to a
change in the reflectivity of surface with the addition of the amine. For the TLC plates modified
with amine groups, the area under the N1s peak is also constant with distance. The average N1s
peak area on each plate was obtained by averaging the results from 15 spectra and is similar for
the three surfaces: 3600 ± 110, 3400 ± 110, 3400 ± 98 CPS eV for uniform A, uniform P +A, and
uniform A+ P, respectively. On a uniformly modified phenyl plate, the N1s area was 690 ± 110
CPS eV, significantly smaller than that observed on the amine modified plates and attributed to
adventitious nitrogen.5
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Figure 2.3 Extent of modification with distance for the uniformly modified TLC plates A.
single component TLC plates; B. multi-component A+P; and C. multi-component P+A. The
average and standard deviation of three measurements are shown.

In Figures 2.4 and 2.5, the profiles of the different gradient TLC plates are shown. As
expected, in all cases, the surfaces show gradually increasing concentrations with distance from
top (0 cm) to bottom. The chemistry in this case is more complicated than that observed for the
uniformly modified plates because of the continuous change in the surface concentration of
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silanes with distance, along with the change in infusion order (e.g., A+ P or P +A) and direction
(e.g., opposed vs aligned).
Figure 2.4 shows profile plots for both the single-component amine and phenyl gradients
and the aligned A+ P and P +A multicomponent gradient plates, where both amine and phenyl
surface concentrations increase from top to bottom. As can be seen for the single- and multicomponent plates, the area underneath the N1s peak gradually increases with distance, consistent
with a shallow amine gradient on the surface. There is not a lot of amine on the surface of the
plates because its concentration is low in the deposition solution and the infusion time is fast (∼1
min). For the single-component amine gradient, the area under the N1s peak at the high amine
end (3500 ± 140 CPS eV, N = 6) is similar to that observed for the uniformly modified plate
(3600 ± 110 CPS eV, N = 3), which is to be expected. It can also be observed that the area under
the N1s peaks is slightly larger for the A+ P plates vs the P +A plates at all positions along the
plate. The signal is believed to be lower for the P +A gradients because of the reduction in
surface silanol groups available to react with the aminosilane when phenyl is deposited first. A
small difference can also be noted in the uniformly modified plates (P +A vs A+ P, Figure 2.3).
For phenyl, a slightly higher maximum KM signal is found on the A+ P plate (∼4.1)
compared to the P +A (∼3.8), consistent with the surface bound amine catalyzing the
condensation of the phenylsilane precursors and/or a change in reflectivity of the surface when
the layer of amine is on top, respectively. The shape of the phenyl gradient also depends on the
order of modification. For the gradient A+ P plate, the profile changes gradually with distance as
compared to the P +A or single-component P gradients, which appear steeper. This difference is
attributed to the presence of a gradient in catalyst (e.g., the amine group) along its length for the
A+ P plate but not for the P +A plates.
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Figure 2.4 Extent of modification with distance for A. amine and phenyl single component
gradients;
aligned
+ phenyl
(A+P) TLCgradients
plates; and
C. multiFigure B.
2.5multi-component
shows the opposed
amine amine
and phenyl
multi-component
whose
component aligned phenyl + amine (P+A TLC plates. The average and standard deviation of
three measurements from two plates made on different days are shown.

Surface coverages change in opposite directions. The N1s signal is high when the phenyl
signal is low and vice versus, a characteristic of an opposed gradient. Again, it can be seen that
the N1s signal gradually increases with distance as expected for a shallow amine gradient. With
regard to phenyl, the peak (or maximum) K-M function observed on the A+ P gradient is similar
to that observed on the P +A gradient. However, its shape is more gradual and comparable to that
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observed for the aligned A+ P and single-component phenyl gradient, consistent with the
presence of a gradient in amine (catalyst) on the surface as described earlier.

Figure 2.5 Profile of multi-component opposed gradients on TLC plates. A. amine +
phenyl (A+P) and B. phenyl + amine (P+A). For the N1s area, the average area and the
standard deviation of three measurements obtained from either one (B) or two (A) plates
made on different days are shown.

2.4.3 Separation of water- and fat-soluble vitamins
One application where multi-component gradients would be valuable is in the separation
of a mixture that contains analytes with different hydrophobicities, an example of which is a
mixture of water- and fat-soluble vitamins such as those shown in Figure 2.6.
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Figure 2.6 Water soluble vitamins B1 and C and fat soluble vitamins D3 and K1
All these vitamins are essential for the body and play a role in human health.125-128 The
water-soluble vitamins (B1, C) have numerous oxygen and/or nitrogen atoms in their structures,
which are capable of forming hydrogen bonds with tethered amine groups and surface silanol
groups. The aromatic rings in their structure can exhibit interactions with phenyl-modified
phases. The fat-soluble vitamins (D3, K1) lack hetero atoms and have long alkyl chains in
addition to aromatic and aliphatic rings, thus making them more hydrophobic. The separation of
these four compounds will depend on the extent to which the TLC plates have been modified by
the amine and phenyl groups, as defined by the factors described earlier, most notably the order
of infusion and the presence and extent to which the plate has been modified. Modification of the
TLC plate with amine first will lead to a greater amount of phenyl on the plate and change the
gradient profile due to the catalytic ability of the amine, as described earlier. In addition, the
separation will also depend upon at which end of the plate the analyte mixture is spotted. For
example, on an aligned gradient, if the vitamin mixture is spotted on the low-amine low-phenyl
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end, as it moves up the plate, the vitamins will encounter increasing surface concentration of
amine and phenyl, but the reverse (e.g., decreasing surface coverage) when spotted on the highamine high-phenyl end. It should then be possible to tweak retention factors and
improve/diminish separation through subtle changes in degree of modification via the use of
multi-component gradient stationary phases.
To begin, we looked at the separation of the four vitamins on control TLC plates. In
Figure 2.7, the separation on the unmodified and single component amine- and phenyl-modified
plates is shown. The phenyl-modified plate appears uniformly dark under UV radiation because
phenyl diminishes the intensity of fluorescent indicator present in the TLC powder. Because the
dark spots can be hard to see against the dark background, we adjusted the brightness and
contrast of the image and circled the locations where the vitamin(s) appear on the plate. As can
be seen in Figure 2.7 in the column marked “All”, the vitamins are not well separated on either
the as-received unmodified silica gel TLC plate or the uniform amine-modified plate, but do
separate on a uniform phenyl plate. On the unmodified plate and uniform amine plate, vitamins
B1 and C separate but vitamins D3 and K1 do not. The latter two more hydrophobic vitamins
appear together near the solvent front, indicating that they have minimal interactions with the
polar stationary phase. Upon modification with phenyl, vitamins D3 and K1 no longer travel
together and thus separate. Since vitamin K1 has a longer aliphatic tail compared to vitamin D3,
it will have stronger interactions with the phenyl groups and is more retained on the stationary
phase. Also, modification of the TLC plate with phenyl reduces the interactions of the more
hydrophilic vitamins (B1 and C) to the now more hydrophobic stationary phase and thus their
retention factors are larger than that obtained on the unmodified or amine-modified plates.
Collectively these results indicate that the vitamins are very sensitive to modification of the
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stationary phase with phenyl groups. Amine, being much lower in concentration than phenyl,
does not have as strong of an effect on separation as phenyl. Both modifications, however, do
influence the number of residual silanol groups present on the surface, which play a role in the
separation.

Figure 2.7 Photographs of TLC plates under UV radiation when spotted on unmodified and
uniformly modified amine and phenyl TLC plates (blue: B1, yellow: C, red: K1, orange: D3).

In Figure 2.8, photographs of P +A uniform and multi-component gradients on TLC
plates are shown. For comparison, results from a phenyl gradient with the vitamin mixture
spotted on the high phenyl end are also shown. The Rf values for the different vitamins are
strongly influenced by (1) the end at which they are spotted and (2) whether the multicomponent gradient is aligned or opposed. These values are reported in Table 1. Consistent with
that observed on the control plates, vitamin C travels near the solvent front while vitamin B1
interacts most strongly with the stationary phase and has the smallest Rf. The interaction of the
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basic amine groups on vitamin B1 with acidic silica sites leads to streaking, which is evident on
both modified and unmodified plates. It may be possible to reduce some of this streaking via
changes in the mobile phase, but this is beyond the goals of this study. Vitamins D3 and K1 fall
near the middle to upper end of the plate and their Rf values can be tweaked by changing the
degree of modification in gradient profile (aligned vs opposed) and by changing the spotting end.
Table 2.1 Average Rf values and their standard deviations (N=3).
Vitamins

B1

K1

D3

C

NC

0.07±0.01

0.89±0.02

0.89±0.02

0.60±0.02

Uniform A

0.11±0.01

0.90±0.01

0.90±0.01

0.56±0.02

A gradient; H

0.09±0.01

0.92±0.01

0.92±0.01

0.58±0.02

A gradient; L

0.09±0.01

0.87±0.03

0.87±0.03

0.60±0.01

Uniform P

0.30±0.04

0.55±0.03

0.67±0.04

0.79±0.02

P gradient; H

0.32±0.01

0.53±0.03

0.68±0.01

0.79±0.01

P gradient; L

0.19±0.01

0.72±0.01

0.72±0.01

0.72±0.01

A+P uniform

0.43±0.02

0.48±0.04

0.65±0.02

0.83±0.03

P+A uniform
A+P aligned
HAHP
A+P aligned
LALP
P+A aligned
HPHA
P+A aligned
LPLA
A+P opposed
HALP
A+P opposed
LAHP
P+A opposed
LPHA
P+A opposed
HPLA

0.51±0.03

0.52±0.03

0.67±0.03

0.80±0.01

0.44±0.02

0.55±0.03

0.68±0.03

0.79±0.03

0.17±0.03

0.60±0.02

0.69±0.01

0.77±0.01

0.40±0.02

0.48±0.01

0.64±0.02

0.82±0.02

0.18±0.02

0.63±0.01

0.73±0.01

0.73±0.01

0.18±0.02

0.59±0.01

0.70±0.01

0.75±0.01

0.25±0.03

0.61±0.04

0.76±0.04

0.75±0.02

0.20±0.02

0.73±0.01

0.77±0.01

0.77±0.01

0.40±0.07

0.52±0.03

0.68±0.02

0.79±0.01
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The Rf values for vitamins D3 and K1 are the largest when spotted on the low phenylhigh amine (LPHA) end of an opposed gradient. These vitamins clearly interact most strongly
with a more hydrophobic stationary phase consistent with that observed on the control plates. In
this case, they move with the mobile phase until the concentration of phenyl is high enough near
the upper half of the plate where they begin to spend more time in the stationary phase. These
two vitamins (D3 and K1) do not fully separate on this plate, and they also now appear with
vitamin C. Vitamin B1 is significantly retained on the TLC plate due to interactions with the
amine groups and surface silanol groups, which are expected to be higher on the end of the plate
that is least modified and least hydrophobic (e.g., LPHA and LPLA).
Very different results are observed when the vitamins are spotted on the HPLA end of an
opposed gradient. The retention factor for vitamin B1 is larger on HPLA vs LPHA. The
increased surface concentration of phenyl and/or decreased surface concentration of silanol
groups reduce the interaction of vitamin B1 with the stationary phase. Likewise, the Rf factors
for vitamins D3 and K1 are also very different on the two plates. The initial presence of a
relatively high concentration phenyl at the spotting end (for HPLA) slows down the movement
of the two vitamins along the plate, thus they become separated. The mixture of four vitamins is
separated. The separation observed on the HPLA multi-component gradient is similar to that
noted on a single-component phenyl gradient when spotted on the high phenyl end.
For the two aligned gradients, spotting end is also important and influences separation.
When the vitamin mixture is spotted at the high phenyl–high amine end (HPHA), the retention
factors for vitamins B1, D3, and K1 are different enough from that observed on LPLA such that
separation is achieved. For LPLA, the presence of surface silanol groups at the spotting end aids
in the retention of vitamins B1 and C while reducing retention for the more hydrophobic
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vitamins. Thus, significant overlap is observed for vitamins C and D3. For HPHA, as observed
for the opposed gradients, the initial presence of a relatively high amount of phenyl on the
spotting end (for HPHA) aids in the separation of the more hydrophobic vitamins. The separation
on HPHA was very similar to that observed on the uniform P +A plate with the exception that
vitamin B1 is retained more on the aligned gradient plate. Again, separation is achieved on the
gradient plate but not the uniformly modified plate. Retention factors are also very different for
opposed gradients when they are spotted on different ends (LPHA vs HPLA) such that separation
of the four vitamins is achieved on HPLA but not when spotted on the low phenyl/high amine
end (e.g., LPHA).

Figure 2.8 Photographs of TLC plates under UV radiation when spotted at different ends of
P +A aligned and opposed gradient TLC plates (blue: B1, yellow: C, red: K1, orange: D3).

The retention factors and thus the separation of the four vitamins can further be tweaked
by independently changing the gradient direction of the two modifiers: aligned vs opposed. For
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example, the retention factors and the quality of the separation of the four vitamins are very
different on the aligned gradient plates vs opposed (e.g., HPHA vs LPHA or LPLA vs HPLA).
When spotted on the high phenyl-high amine (HPHA) end of the aligned gradient plate, for
example, the presence of the high amount of phenyl counteracts the higher amount of surfacebound amine and vitamins D3 and K1 are retained more on the stationary phase and thus have a
smaller Rf than when spotted on the LPHA end of the aligned gradient. For both the aligned
gradients, separation of the four vitamins was not achieved while separation was possible on one
of the opposed gradients (HPLA).
Figure 2.9 shows separations of the vitamin mixtures on A+ P uniform and aligned and
opposed gradients. For comparison, results from an amine gradient with the vitamin mixture
spotted on the high amine end are also shown. Consistent with that observed for the P +A
gradients, both the spotting end and infusion direction (aligned vs opposed) influence the
separation of the four vitamins. When spotted on the side that is less modified (LALP), in
contrast to the HAHP end of the aligned gradient plate, for example, vitamin B1 is more strongly
retained and vitamins D3, K1, and C appear near the top of the plate in close proximity to each
other. The importance of infusion direction can also be noted in the gradient plates, e.g., HAHP
vs HALP or LALP vs LAHP, most notably by differences in retention of vitamin B1 on the
different gradient plates. Due to the presence of more surface silanol groups and lower phenyl
content, the retention factor for vitamin B1 is much lower when spotted on LALP vs LAHP.
There are also subtle differences in the Rf factors for the more hydrophobic vitamins on HAHP
vs HALP, which leads to a slightly better overall separation when the mixture is spotted on
HAHP particularly in terms of the overlap between vitamins C and D3. On the uniform A+ P
plate, the spots observed for vitamins B1 and K1 overlap and diminish the separation of the four
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vitamins. Because the Rf for vitamin B1 is smaller while vitamin K1 is larger on the multicomponent HAHP gradient, separation of all four vitamins in the mixture was possible.

Figure 2.9 Photographs of TLC plates under UV radiation when spotted at different
ends of A+ P aligned and opposed gradient TLC plates (blue: B1, yellow: C, red: K1,
orange: D3).

The separation of the mixture of vitamins also depends on the infusion order (P +A) vs
(A+ P), though this dependence is perhaps not as strong and obvious as the other factors
described above. As evident in the diffuse reflectance data, the phenyl gradient profiles are
slightly different in that the gradient shape is more gradual for A+ P relative to P +A. Also, the
amount of amine on the surface of P +A is slightly lower than A+ P as observed in the XPS data.
Upon comparison of Figure 2.8 (P +A) to Figure 2.9 (A+ P), it can be seen that the order of
modification is most important for LAHP vs HPLA and HPHA vs HAHP plates. The retention
factors for vitamins D3 and K1 are slightly higher and vitamin B1 slightly lower on LAHP vs
HPLA opposed gradients. The net result is that vitamin C and D3 overlap diminishing the
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separation of the four vitamins on LAHP but not HPLA. The Rf values and pattern of separation
of the four vitamins on the uniform A+ P plate and uniform P +A plate and the low phenyl plates
(LALP vs LPLA) are similar and less dependent on order of modification compared to the high
phenyl multicomponent gradients.
2.5 Summary
Multi-component gradients for thin layer chromatography (TLC) have been successfully
prepared using silane chemistry, controlled rate infusion and their applicability to the separation
of a vitamin mixture has been demonstrated. This work focuses specifically on multi-component
gradients prepared from amine and phenyl groups, but it should be recognized that such
gradients also contain residual SiOH groups due to incomplete condensation. The presence of a
gradient in phenyl and amine on TLC plates has been confirmed using a combination of diffuse
reflectance and X-ray photoelectron spectroscopy, respectively. The separation of a vitamin
mixture containing vitamins C, B1, D3, and K1 was studied on 15 different uniformly modified
and single- and multi-component gradient TLC plates. Both gradient direction (opposed vs
aligned) and the end of the plate at which the analyte mixture was spotted influenced the
separation. While multi-component gradients are a little more complex to make and characterize
than single component gradients, they do provide an avenue for cooperative interactions to take
place between an analyte and multiple surface functionalities, which are undoubtedly important
in governing analyte retention in chemical separations. This work shows that subtle changes in
the gradient profile and hence surface chemistry lead to significant differences in retention
factors (Rf) of the individual vitamins, and ultimately, the separation of the vitamin mixture.
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Chapter 3
Introduction to Monolithic Columns

3.1 Abstract
The column forms the heart of chromatography. Continuous efforts have been made to
improve performances of columns by adjusting their diameter and length, bonding chemical
functionality to them, modifying particle size, diameter, packing and packing density of the
stationary phase. Traditionally particle packed columns were used in all types of liquid
chromatography (LC). Recently core shell columns packed with core shell particles having a
solid core at the center surrounded by the porous layer have been used because of better column
efficiency due to reduced diffusion path.129 The use of capillaries as LC columns have also been
reported to speed up the separation.130 Another method involves the use of monolithic columns.
Monolithic columns are porous continuous rods made of either silica or polymers containing two
distinct types of pores and provide good alternative to traditional packed columns. The structural
features of monolithic column offer additional advantages. This chapter discusses the fabrication,
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morphology and chromatographic properties of monolithic columns in detail. A general
procedure to prepare wide and narrow bore silica and polymer monoliths is described.
Additionally, various techniques for cladding monoliths to use them as a column in commercial
instrumentation are also explained.
3.2 Monolithic columns
Monolithic columns are continuous rods having a bimodal pore size distribution. These
columns are either made of silica or with polymers.131-138 Unlike particle packed columns,
monolithic columns consist of a single continuous porous rod that is commonly used because
they can be operated at higher flow rates resulting in shorter analysis times. Silica is easy to
modify and various chemically bonded stationary phases can thus be prepared. Recently the use
of polymeric monolithic columns has increased since their preparation is not exceedingly
difficult and they offer advantages like flexibility, adaptability to different modes of
chromatography and provide a wide range of surface functionalities.131 A brief description on the
preparation of polymeric monolithic columns is provided in later sections. This chapter mainly
focuses on the preparation, structural features, chromatographic characteristics, cladding and
application of silica monoliths. Commercially available silica monolithic columns are
manufactured by companies like Merck (Brand name: Chromolith), Phenomenex (Brand name:
Onyx) and Thermo Fisher Scientific (Brand name: ProSwift).
3.3 Structural features
Monolithic silica columns consist of a single mesoporous silica skeleton and macropores,
which are also called as through-pores. The macropore diameters range from 1.2-8 µm while the
mesopores have diameters between 10 nm to 25 nm.131,139 The macropores/skeleton ratio for
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monolithic columns is analogous to the interparticle void/ particle diameter ratio in particle
packed columns. In monoliths, the macropores/skeleton ratio ranges from 1-4, which is
comparatively higher than the flowpath/particle diameter ratio obtained from conventional
particle packed columns of 0.25-0.4.140 Macropore and mesopore diameter and skeleton size can
be independently controlled and varied for monolithic columns. The wide bore silica monolithic
rods have permeability up to 60% while silica capillary columns have permeability up to
80%.141-142 Both of these are higher than that of packed columns, which has a permeability of
40%.140 Figure 3.1 shows a plot of macropore diameter against the skeleton size of monoliths.
The comparison between silica monolithic rod, monoliths prepared in capillaries and particle
packed columns is made.143 It is very clear from the figure that monoliths, irrespective of
whether in rod shape or in capillary form, have larger macropore diameter and smaller skeleton
size. High porosity in monolithic columns gives them high permeability creating a lower
pressure drop when the mobile phase is flowed through the column. The mechanical stability of
monolithic columns is also higher because of its integrated network. This allows the mobile
phase to elute at a linear velocity of 1 mm/s, which is comparatively higher than that used in
packed columns.131,143 Additional details about the sizes and formation of macropores and
mesopores present in silica monoliths are discussed below.
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Figure 3.1 Plot of macropore size against the skeleton size of silica monolithic
capillaries prepared using two different recipes (Recipe 1. represented by filled
symbols/letters shows 4 capillaries prepared by slightly changing quantities and Recipe
2. represented by unfilled symbols/ roman numerals shows 2 capillaries prepared by
slightly changing quantities); Bars show the interstitial voids between the particle in
packed columns. (Reproduced from the reference 143 with kind permission of
Elsevier).
3.3.1 Macropores
Macropores are larger pores present in the monolithic domain. Figure 3.2 below shows a
scanning electron microscopy (SEM) image of a typical monolithic domain and a macropore
surrounded by a silica skeleton. The macropore diameters range from 1.2 µm to 8 µm, though
their average size is ~ 1.7 µm to 2 µm.131 The size of the macropores depends on the water
soluble polymer: silica ratio used to prepare the monolith.131 The water soluble polymer (e.g.,
polyethylene glycol 10,000 (PEG)) acts as a porogen and dictates the macropore diameter.139
PEG can hydrogen bond with the silica oligomers, increasing the overall mass of the product,
which becomes insoluble in the solvent causing phase separation to occur.139 During formation of
a monolith, phase separation has to compete with sol-gel transition. The average size of domain
depends on relative kinetics of sol-gel transition and phase separation and coarsening.131 A very
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high concentration of PEG leads to formation of distinct particles while low concentrations result
in unconnected macropores.144 Macropores are also termed as ‘through-pores’ because they are
interconnected to each other through different channels. These channels are tortuous and
constrictive in nature. The most important advantage macropores provide is higher porosity,
allowing mobile phase to flow at a faster flow rate.

Figure 3.2 SEM images of A. Typical monolithic columns showing macropores and
the interconnected silica skeleton network B. The magnified image of silica
macropore (Reproduced from the reference 145 with kind permission of Wiley).

3.3.2 Mesopores
Mesopores are smaller pores present throughout the interconnected solid silica skeleton.
Figure 3.3 shows the SEM image of the solid silica mass in which the mesopores are distributed
through out. The mesopores are formed when the monoliths are thermally treated with a basic
solvent like ammonium hydroxide. The average size for mesopores can vary from 14 nm to 25
nm depending on the concentration of base and the heating temperature.146 The porosity of
mesopores, which is termed as an internal porosity is 0.20.144 The smaller porosity of mesopores
increases its surface area, which increases the retention of solutes and decreases the diffusion
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distance for the solutes to travel, reducing the mass transfer term.147 Though the mesopore
containing skeleton occupies a significant portion of the monolithic column, the phase ratio for
monolithic columns is smaller than that of the conventional particle packed columns.148

Figure 3.3 SEM image showing silica mass of monolithic rod. The mesopores are
distributed all over silica skeleton (Reproduced from the reference 145 with the kind
permission of Wiley).
3.4 Chromatographic characteristics of monolithic columns
Monolithic columns because of their bimodal pore size distribution have higher
permeability and efficiency than the particle packed columns. The structural features like
macropores and mesopores present in the interconnected silica bed are important to the field of
chromatography. The performance of chromatographic columns can be defined by its efficiency,
permeability and the phase ratio. Chromatographic characteristics of monolithic columns are
discussed below:
a. Column permeability: The permeability of a chromatographic column is an important feature
as it allows the mobile phase to percolate through the column. A suitable pressure should be
maintained at the inlet of the column to allow the mobile phase to pass through it. The column
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back pressure depends directly on the viscosity of the mobile phase, the superficial velocity of
the mobile phase and is inversely related to the column permeability. The external porosity is
responsible for the column permeability. For both packed and monolithic columns, specific
permeability is directly proportional to the third power of its external porosity. The presence of
larger macropores leading to a higher macropore/silica ratio provides the monolithic column with
higher permeability. The external porosity for monoliths is around 0.65 while for packed
columns it is 0.40. The absolute permeability of silica monolith is around 8 x 10-10 cm2 which is
equivalent to a 9 µm particle diameter packed column.143,145,149-151 The back pressure for columns
packed with fine particles is greater than 1000-1200 bars, but for monoliths that have 80%
porosity it is around 50-100 bars.
b. Analysis time: The analysis time for any chromatographic column at constant pressure and
given length depends directly on the column porosity and the viscosity of the mobile phase.131
This aspect provides monolithic columns an advantage over packed columns in terms of analysis
time. Monolithic columns have higher porosity as well as permeability because of the prescence
of the large

macropores and their efficiency depends on their domain size. 146,151 Both

macropores and skeleton sizes are flexible and can be tuned to adjust their sizes while in packed
columns, permeability and efficiency depends directly on the particle diameters, limiting the
flow rate of the mobile phase and hence increasing the analysis time. Due to higher porosity,
monolithic columns have lower density and hence a lower phase ratio (ratio of column volume to
stationary phase volume). A small phase ratio decreases the retention time of the solutes.131
c. Column efficiency: The column efficiency of monolithic columns is similar to that of a
packed column with 5 µm particles. The monolithic column shows higher efficiency at higher
linear velocity and a smaller pressure drop.152 Figure 3.4 shows the comparison of height
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equivalent to the theoretical plates (HETP) and pressure drop for monolithic silica rod and
packed column. This higher efficiency of monolithic columns may be because of the smaller
mass transfer (C) term due to the small sized mesopores. A Chromolith column with 2 µm
macropores and 1 µm skeleton exhibits a H= 10 µm and a N= 10,000 (length= 10 cm) at linear
velocity of 1 mm/s, which is equivalent to a column packed with 5 µm particles that has H= 1015 µm, N= 10,000-15,000 (length= 15 cm).153 This performance is similar to packed column
with 7-15 µm particle diameter in case of pressure drop and to 3.5-4 µm particle diameter in case
of column efficiency.154-155 For capillary monolithic columns, the efficiency and pressure drop
increases with a decrease in domain size. The separation impedance, which is the difficulty faced
in column performance is ten times smaller for monolithic columns than particle packed
columns.153 The van Deemter curves for monoliths are relatively flat as reported by different
research groups.156-157 This is because of the absence of micropores that reduces the chances of
accumulation of the stagnant mobile phase. The smaller mesopore diameter also decreases the
diffusion distance for solutes increasing the mass transfer kinetics.158 Monoliths, on other hand,
have higher eddy diffusion (A term) because of the inhomogeneities in their structures.156 The
macropore and skeleton size varies between two monoliths and within the same monolith thus
affecting reproducibility.
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A

Figure 3.4 Comparison of octadecylsilane (ODS) modified monolithic
silica column (dark circles and squares) with C18 packed column (open
circles and squares) with respect to (A) HETP and (B) back pressure.
(Reproduced from the reference 146 with kind permission of Springer).
3.5 Preparation of silica monolithic columns
Nakanishi and Soga successfully prepared continuous porous silica structures in early
1990s.144,159-160 Their method to prepare monoliths allowed for control over the pore sizes of both
macropores and mesopores. The monolith preparation process was first patented in Japan and
then in US.161-163 Silica monolithic columns are prepared by sol-gel chemistry using the
hydrolyzed silanes. Figure 3.5 shows the detailed steps carried out for preparation of silica
monolithic rod columns. The detailed discussion of each step will be done in this section.
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Figure 3.5 Step-by-step preparation of a silica monolithic rod for
use in chromatography.

Alkoxysilanes, such as tetramethoxysilane or tetraethoxysilane, are commonly used to
prepared silica monoliths by sol-gel transition.131 Sometimes organolkoxysilanes with functional
groups like amine, thiol and alkyl groups like methyl are mixed with either TMOS or TEOS.164
Such monoliths prepared by using two different alkoxysilanes are termed as hybrid monoliths.
To catalyze the hydrolysis of silanes, acids like acetic acid or nitric acid are used.159 The other
important additive is the porogen. Generally water soluble polymers like PEG, polyacrylic acid,
D-sorbitol are used.144,146,165 Some of the recipes used to prepare silica monoliths by the Tanaka
research group are given in table below.166
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Table 3.1 Recipes for the preparation of silica monolithic columns with its effect on
through-pores, mesopores and skeleton size. (Reproduced from the reference 166 with kind
permission of Elsevier).
Silica
rod

a

b

Mesopore
sizec

Skeleton
sized

Through pore
sizee

Composition
NH4OH
PEG
TMOS
(g)
(mL)
(mol/L) (nm)
(µm)
(µm)
1
11.6
40
1.00
24.9
0.97
1.66
2
11.6
40
0.01
14.3
1.00
1.86
3
10.2
45
1.00
23.2
1.12
1.68
4
10.2
45
0.01
13.1
1.16
1.73
5
8.8
50
1.00
25.5
1.41
1.64
6
8.8
50
0.01
14.2
1.34
1.65
7
7.0
55
1.00
24.3
1.66
1.58
8
7.0
55
0.01
15.8
1.59
1.53
a: The amount of PEG and TMOS added to 100 mL of 0.01 M aqueous acetic acid

b: Concentration of NH4OH used to control mesopore size after formation of silica monolithic
rod
c: Nitrogen adsorption
d: Estimated from the scanning electron micrographs by taking the average thickness of narrow
(saddle) portions between branching points
e: Mercury porosimetry
The concentration of the porogens controls the formation and the size of the macropores.
Figure 3.6 below shows the effect on morphology of monolithic column with the change in the
composition of PEG, silica and solvent. Proceeding towards the right in Figure 3.6, the
PEG/silica ratio increases and gelation begins but as we move up, the solvent composition
increases faster. Decreasing the amount of PEG gives bigger macropores; at very low
concentrations, however, macropores are not formed, only dents in silica mass can be observed.
On the other hand, a significant increase in the PEG content leads to the formation of individual
silica particles.139 PEG is capable of forming hydrogen bonds with the silicate oligomers leading
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to the retarded onset of phase separation relative to sol-gel transition. This leads to the formation
of monoliths with smaller domain sizes and hence narrow diameter macropores.134

Figure 3.6 Effect of silica, PEG and solvent on the formation and morphology of
monolithic silica rods (Reproduced from the reference 156 with kind permission of
ACS).

The hydrolysis of TMOS and TEOS is an exothermic reaction.131 It is faster for TMOS
but slower for TEOS.131 The hydrolyzed TMOS and TEOS have bonded hydroxyl groups.
Methanol and ethanol are formed as byproducts of condensation of TMOS and TEOS,
respectively, during gelation. Hydrolyzed silane molecules condense with each other resulting in
the formation of siloxane molecules (Si-O-Si).131,133 Polycondensation initially forms silica
oligomers and then finally into silica polymers. Polycondensation is also an exothermic
reaction.131 As it proceeds, it slows down the rate of reaction resulting in generation of less

68

heat.131 Polycondensation is responsible for increasing the repulsion between newly bonded
monomers which decreases the entropy of the solution and eventually decreases the solubility of
oligomers into the solution causing phase separation. Thus polycondensation reduces the Gibbs
energy of solution, resulting in repulsion between oligomeric and polymeric chains that
accompany polymerization.144,159-161,167
The formation of macropores in silica monolithic columns is a competitive process
between sol-gel formation and phase separation.131,134,139 The phase separation mechanism,
which occurs in monolith formation, is termed as ‘Spinodal decomposition’.134,139 Spinodal
decomposition results from the minute changes in composition of a sol that continuously goes on
increasing.168 This results in the formation of a co-continuous sponge-like domain that grows
slowly and coarsens during its growth. This sponge-like structure remains unbroken for a certain
period of time. All the transient structures formed during sol-gel transition are then frozen in this
domain. Finally, when the excessive coarsening occurs, the domain structure breaks leading to
the formation of a continuous matrix and broken domains. The initial silica solvent system turns
into a continuous solid gel domain rich with silica and solvent gets trapped in its interstices.
Removal of fluid from these interstices results in the formation of the pores. Nucleation is
another common procedure for the phase separation but nucleation doesn’t occur during
macropore formation as growth by nucleation involves growth of particles due to diffusion.131
Polycondensation increases the viscosity of solvent preventing diffusion from taking place.131
The general procedure for preparation of silica monolithic column involves the addition
of tetraalkoxysilanes like TMOS or TEOS to an aqueous acid solution containing dissolved
water soluble polymers or surfactants like PEG 10,000. This mixture is then stirred vigorously on
an ice bath for the alkoxysilanes to hydrolyze. The resulting mixture is poured in a column
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shaped plastic mold of suitable dimensions. The molds are allowed to stay overnight at a
constant temperature. This facilitates sol-gel transition and phase separation forming continuous
porous, monolithic silica. The monolith formed acquires the shape of the mold and shrinks both
longitudinally and radially. The monoliths obtained by this process have a continuous silica mass
with macropores. These monoliths are then aged by soaking them in different solvents for
definite periods of time. Initially they are heated in oven in strong basic solvents (pH above 8)
from 0.01 M to 1 M ammonium hydroxide. This causes the mesopore formation in monoliths.
The monoliths are then soaked and rinsed with suitable solvents to remove the excess base from
their surface. Rinsing with TMOS/TEOS-ethanol increases the mechanical strength of newly
formed monoliths.169-171 Monoliths are then air dried and then the organic content is burnt off by
heating them slowly to a very high temperature in a furnace.
The formation of mesopores occurs by Ostwald ripening.133 The continuous porous solid
mass formed after sol-gel transition and phase separation has macropores and micropores. When
thermally treated in ammonium hydroxide (NH4OH) solution, the energetically unstable silica
molecules on the surface of smaller silica particles dissolve in NH4OH. When NH4OH solution is
saturated with silica particles, it starts re-precipitating silica molecules between two large silica
particles or on the surface of larger silica particles. Thus the monoliths obtained have smooth
silica surfaces with mesopores and no micropores.172
The preparation of narrow bore silica monolithic columns was first demonstrated by
Ishizuka et al. in 1998.173 After that, many other scientists prepared narrow bore monolithic silica
columns with improved performance in terms of permeability, analysis time and
efficiency.132,143,159 The general procedure involves pumping sodium hydroxide solution through
the silica fused capillary. The fused capillary is then washed thoroughly with distilled water and
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then pumped with HCl to neutralize excess NaOH. The mixture of TMOS/TEOS, aqueous acid
solution containing dissolved water soluble polymer and urea prepared by stirring on ice bath is
infused through the capillary. The reaction occurs forming a monolith, which is aged overnight.
The monolith formed in the fused silica capillary is heated at 120 °C for 3 hrs to generate
ammonium hydroxide by pyrolysis of urea. This causes the formation of mesopores. Similar to
silica monolithic rods, capillary monoliths are dried by heating at very high temperature in a
furnace for a suitable time. The narrow bore monoliths have higher efficiency because of their
smaller dimensions.143 Ishizuka et al. studied narrow bore monolithic columns with diameters
ranging from 50 µm to 250 µm.158 The SEM images of these monoliths showed that for
diameters above 50 µm, some silica material sticks to the column wall but at many places the
voids are formed due to broken interface between silica and column wall.158 This affects the
efficiency of the narrow bore monoliths.158 The use of hybrid alkoxysilanes like TMOS-TEOS or
TMOS/TEOS- MTMS gave uniform columns with diameter bigger than 200 µm.132
3.5.1 Polymeric monolithic columns
The preparation of monolithic polymers began with the work of Hjerten et al. followed
by Frit and Svec.

132,174-178

The two main types of polymeric monolithic columns prepared use

either the hydrophilic monomer (polyacrylic acid, polyacrylamide) or the hydrophobic monomer
(glycidyl methacrylate, ethylene dimethacrylate). Basically, the preparation of polymeric
monolith involves three important steps. The first step involves adhering the polymeric network
of the monolith to the wall of the column. This is usually done by silanization reactions in which
the monomer is reacted with other monomers. For example, Szumski, et al.179 used 3trimethoxysilylmethacrylate for silanization of capillary walls before preparation of polymeric
monolith bed. This helps to seal the surface between the monolith and the wall avoiding the
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mobile phase from bypassing the column. The second step actually involves the polymerization
procedure where either hydrophilic or hydrophobic monomer, catalyst (e.g., N,N,N’N’tetramethylethylenediamine,

azobisisobutyronitrile),

high

strength

ionic

solution

(e.g.,

ammonium sulfate) or porogens (e.g., PEG, dextran, propanol, butanediol) are used at a
particular temperature to carry out the polymerization reaction. The polymerization is induced by
ionic solution or by porogens. The third steps involves use of reagents like diethylamine, vinyl
chloride or the processes like photo- irradiation, etching for surface modification of polymeric
monoliths to tune its properties and improve its selectivity to obtain good resolution.174,176-178
3.6 Cladding of monolithic columns
Silica monolithic rods are prepared by sol-gel transition and phase separation reactions.131
The monolithic rods shrink during the preparation process thus the shrunken rods need to be
tightly encased otherwise the mobile phase will not percolate through the column but would flow
in a gap formed between the rod and the column wall. Monolithic columns should be tightly
encased in a material that is capable of sustaining the pressure produced in high performance
liquid chromatography (HPLC) and is inert to the majority of the organic solvents used in the
chromatography. Most of the monoliths produced commercially have patented cladding
procedures and the literature doesn’t describe cladding procedures in detail. Below is a brief
description of a few methods described in the literature to clad monolithic silica rods:
a. Heat shrink tubing: The use of heat shrink tubing is the common procedure for encasing the
columns and is used in the process of making commercially monolithic columns.131 These tubes
shrink when heated, thus encasing the monoliths tightly. Commonly used heat shrink tubing are
made from polytetrafluoroethylene (PTFE) and polyether ether ketone (PEEK).
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PTFE was the first heat shrink polymer used for the cladding of monoliths.180 PTFE
normally shrinks at a temperature of 360 °C but is unable to withstand the high pressures
generated in HPLC.180 Minakuchi et al. used PTFE encased monoliths along with a Z-module
(Water Corp.), an external pressurizing device at 100 Kg/ cm.132,180 The use of external
pressurizing device is not a feasible option as it increases the overall cost of performing
chromatography. Recently the Waters Corp. has stopped producing external pressurizing
devices.181
Merck later introduced PEEK tubings for monolith cladding. These tubes are the most
common cladding material and have been used in cladding of commercially available monolithic
columns. The cladding takes place as monoliths are encased into these tubes and heated using
either hot air gun or placed in a preheated oven/ furnace at a temperature around 350-360° C.
PEEK tubings have moderate mechanical strength and can handle pressure up to 200 atm. PEEK
tubing is not stable in tetrahydrofuran (THF) and hence mobile phases containing THF cannot be
used.129
Polytetrafluoroethylene-fluorinated ethylene propylene (PTFE-FEP) dual heat shrink
tubings are now available from Zeus.182 When heated to a temperature of 350-360° C, the inner
FEP layer melts and forms a coat on monolith surface while the outer PTFE layer shrinks and
encapsulates the monoliths. The advantage of such tubing is that the irregularities on monolithic
surface like the presence of voids can be fixed as the molten layer of FEP can form a uniform
coat. But the molten FEP mass is capable of penetrating into the monolith, blocking its pores and
channels.183

73

Chamieh et al.184 used normal PEEK tubes and heat shrink PTFE tubes. The monoliths
were squeezed in PEEK tubes of diameters slightly bigger than that of monoliths. The monolith
was then encased in heat shrink PTFE tubing. The assembly was heated in an oven at 315° C for
1 hr followed by 345° C for another hour. The outer PTFE layer shrunk exhibiting radial
pressure on the inner PEEK layer. The inner PEEK got compressed because of the pressure
exerted by PTFE shrinking and could tightly encase the silica monolith rod. When the assembly
was cooled to room temperature, the outer PTFE layer was removed and PEEK encased
monolith was obtained.184
There are several disadvantages associated with the use of heat shrink tubing. These
tubes are produced by very few companies. The available tubes may have mismatch in
dimensions to encase monoliths. The tubes can be made in customized shapes and sizes but are
expensive. The variations in physical dimensions and shrinking temperature of the tubes are
evident from one batch to other. Surface modification and end-capping of monoliths has to be
done post cladding if heat shrink tubes are to be used for cladding. Organic hybrid monoliths
may lose their organic content at higher shrinking temperature. Heat shrink tubes have been
manufactured majorly for industrial purposes and not for usage in research laboratories. Working
with these tubes can increase the overall project cost.183
b. Stainless steel encasing: Liang et al.185-186 have encased a monolithic rod in stainless steel
similar to other chromatographic columns. Figure 3.7 shows the exact assembly of encapsulation
of polymer encased monolithic rod in stainless steel column. Monolithic rods longer than the
length of stainless steel case were used. The monolithic rod was initially encased in a heat shrink
polymer by heating at a particular temperature for a specific amount of time. The polymer
encased monolithic rod was then placed in a stainless steel column, which was wrapped in an
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aluminum foil leaving one end open. The Epoxy glue was then poured in a gap between the
polymer encased monolithic rod and the stainless steel column. This glue was cured by allowing
it to sit at a room temperature for 48 hrs. Finally the extra length of monolithic rod piercing out
of a column was chopped off, the ends of the rod were polished with sand paper and then the
fittings were fixed at both ends of stainless steel to make it into a proper chromatographic
column.

Figure 3.7 Porous monolithic rod encased in heat shrink tubing is further
encapsulated in stainless steel tubing by filling the gap between the two using glue.
(Reproduced from reference 183 from Chendgu Liang doctoral dissertation).
The precaution taken for this cladding procedure was thorough drying of monolithic rod
before encasing in a heat shrink polymer. This was essential to avoid the moisture present inside
the column from producing air bubbles thus reducing the overall efficiency of the column. The
glue used for this procedure should have following properties: (1) It should cure at a room
temperature and seal the polymer encased rod to the stainless steel column (2) It should be
chemically inert to solvents used in HPLC (3) It should withstand high pressure and shouldn’t
melt at higher temperature. Miyazaki et al.187 also covered their monolith with two different
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polymer layers. The inner polymer was chosen such that it is inert to solvents and outer layer
served as a case to encapsulate the rod which was then embedded in a stainless steel tube.
c. Glass shrinking encapsulation: This method was reported by Liang in his dissertation
work.183 Figure 3.8 below shows the assembly used for glass encapsulation of the monolithic
column.137 In this method the monolithic rod was placed in glass tube and one end of the tube
was connected to the vacuum source that helped the glass to shrink onto the monolithic rod. The
glass encased rod was then moved down into a furnace placed vertically below the rod. The
furnace was pre heated to 5000° C and caused the glass tube to shrink. The movement of the
glass in and out of furnace was kept at a constant speed till all the glass shrank and encapsulated
the rod tightly. If a carbon monolith has to be encapsulated into a glass tube, the tube should be
purged sufficiently with nitrogen, so that all oxygen is blown out of the tube and doesn’t oxidize
the carbon rod. Morisato et al.188 had recently encapsulated a semi-micro monolithic column in a
glass tube using a similar procedure.

Figure 3.8 Glass encasing of monolithic rod by connecting it to vacuum at one end
and moving it into a preheated vertical furnace. (Reproduced from reference 183
from Chendgu Liang doctoral dissertation).
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Glass shrinking encapsulation is rarely used for cladding monolithic rods. The method is
best to use when the mobile phase contains strong solvents that can chemically react and damage
the heat shrink tubes. The other advantage it offers is the whole chromatographic procedure can
be visualized as glass is transparent. Alkaline solvents or buffers with pH greater than 10 cannot
be used with this assembly as they can corrode the glass.183
d. Polymer and resin coating: Polymer coating of monoliths generally involve the use of epoxy
resins. Liang183 has reported in his dissertation a method to coat monoliths using two different
kinds of epoxy resins. The monolithic rod to be encapsulated is first coated with fast acting
epoxy resin, and is heated in an oven at 80 °C for 5 min for curing. Later, this monolithic rod is
then soaked into a mold containing the epoxy glue. The monolith rod is allowed to stay in glue
for 48 hrs, after which the mold is removed to obtain double epoxy coated monolithic rod, which
is then fitted with end fittings and used as a column. This two step procedure is used because the
slow curing epoxy is capable of permeating into the pore of the monolith. To prevent this, an
epoxy that dries faster is used first. Since fast drying epoxy lacks mechanical strength, an outer
coating layer of a more mechanically strong epoxy coating is needed. Both inner and outer epoxy
layers are incompatible to different chemical solvents and can give some unwanted chemical
reactions. The advantage this method offers is it can be used to clad polymer and hybrid
monolithic rods that are not convenient to clad by heat shrink method as there is always a risk of
organic content getting burnt off. The monolithic rods whose surface has been modified before
encapsulation can be coated by this technique.
Spilstead et al.189 recently used polystyrene resin along with methyl ethyl ketone peroxide
catalyst to encapsulate the monolithic rods. They used 20 mL syringes, which were sprayed with
silicon mold spray. The finger tight fittings fixed inside a rubber plunger were placed on either
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side of a mold and a monolithic silica rod was suspended between them. The polystyrene resin
mixed with a few drops of catalyst was then poured in a mold. Any air bubbles formed were
removed using a needle or syringe and the mold was allowed to stand overnight at a room
temperature. The polystyrene resin solidified thus encapsulating the monolithic rod, after which
the end fittings were removed and replaced with the new end fittings for chromatography. Figure
3.9 shows the assembly and the monolith encased in a polystyrene mold. The authors also
checked the stability of polystyrene resin against commonly used solvents for mobile phases and
found that acetonitrile could chemically interact with the resin after long exposure of about 24
hrs or more.
I

II

Figure 3.9 I. The assembly for polystyrene encapsulation of silica monolithic column: A.
20 mL syringe and finger tight fittings B. The finger tight fittings placed at the either end
of syringe mold C. The silica monolith suspended between these two fittings and then the
polystyrene resin mixed with catalyst can be poured. II. Polystyrene encapsulated silica
monolithic column. (Reproduced from the reference 189 with kind permission of RSC).

3.7 Surface modification and end-capping of monolithic columns
Surface modification of silica monolithic columns is done mainly by two different
techniques as discussed below:
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a. Hybrid monoliths: These are prepared using two different types of silanes: tetraalkoxysilane
(mostly TMOS or TEOS) with organoalkoxysilane (methyltrimethoxysilane, MTMS/ 3mercaptopropyltrimethoxysilane, MPTMS).164 Hydrolysis and condensation are the two main
reactions that take place between these silanes leading to the formation of Si-O-Si linkages.190
Tetraalkoxysilanes with different precursors like N-octadecyldimethyl(3-trimethoxysilylpropyl)
ammonium

chloride,191

phenyltriethoxysilane,192

3-aminopropyltriethoxysilane,193

3-

mercaptopropyltrimethoxysilane194 and vinyltrimethoxysilane195 have been used in past for
formation of organic-inorganic hybrid monoliths. The morphology of hybrid monoliths strongly
depends on ratio of tetraalkoxysilane to alkyltrialkoxysilane and on other factors like
temperature, porogens used, acid and base used for catalysis.164 These factors lengthen the
duration for optimization of pore and skeleton sizes. Hybrid monoliths are capable of improving
flexibility and avoid cracking of silica monolith.164 For example, when MTMS is added to
TMOS, it slows down the silanol condensation reducing the monolith shrinkage.164 This method
is also beneficial for all the organosilanes used for modification, which are sensitive to heat or
other processes that may be involved in post modification of silica monoliths.164
b. Post modification of silica monoliths: This is another way of functionalizing a monolith
surface. In this method, the silica monolith is first prepared using tetraalkoxysilanes and then
modified with another suitable silane. Modification is generally done using either
chloroalkoxysilanes or organoalkoxysilanes.157 The organic groups get imparted on the surface
of silica monolith by silanization.131,157 The functional groups are bonded by soaking the silica
monolith in a solution containing the pre-hydrolyzed organoalkoxysilane at a particular
temperature for a definite period of time or by infusing the modifying solution through the
monolith at a specific rate for particular time and temperature.131 The silanol groups on the
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monolith surface condense with the hydrolyzed silanol groups of modifying alkoxysilane
forming Si-O-Si (siloxane) covalent bonds. Dulay et al.196 have carried out the modification of
silica

monoliths

using

organochlorosilanes

pentafluorophenyltriethoxysilane,

like

pentafluorophenyldimethylchlorosilane,

n-octadimethylchlorosilane,

3,3,3,-

trifluoropropyltrichlorosilane, tridecafluoro-1,1,2,2 tetrahydrooctyl dimethylchlorosilane and
organoalkoxysilane like 3-aminopropyltriethoxy silane. El Rassi et al.197 have used 3cyanopropyl 1,1-dimethylchlorosilane and 3-chloropropyltrimethoxysilane to form reversed
phase and polar stationary phases. Bifunctional methacrylates like N-(3-trimethoxysilylpropyl)
methacrylamide,198 3-methacryloxypropyltriethoxysilane,199 polyacrlyamide198 and polyacrylic
acid200 have also been used for modification as they have two methacryl anchors for attachment
of more functionalities. Other commonly used bonding reagent to impart octadecyl (C18) chains
on monolithic columns is octadecyldimethyl-N,N-diethylamino silane (ODS-DEA).166,180
Besides C18, cyano, amine and phenyl modified monoliths have been prepared using chloro(3cyanopropyl)dimethyl silane,201 3-aminopropyltriethoxysilane202 and phenyltrimethoxysilane203
respectively.
Post-modification of monolith has several advantages like the easiness with which the
monolith can be modified. Unlike hybrid monoliths, the morphology and the pore size of
monoliths is previously controlled and re-optimization is not required.157 Many surface modified
monoliths show stability across pH range of 2-8 and also offer different surface chemistries.157
The surface modification of polymeric monoliths is also common. Reactions like photografting, ‘click’ chemistry, thermally initiated graft chain growth, hyper-cross linking and
synthesis through nano-particles and nano structures, etc are commonly used to bond functional
monomers on their surfaces.204
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The residual silanol groups exist on all silica columns, and monolithic columns are no
exception to it. Depending on the pH of the mobile phase or a buffer, they can deprotonate
leading to a negative surface charge.131 These negatively charged residual silanol groups can
interact strongly with the positively charged basic compounds causing the chromatograms to
exhibit tailing and hence decrease column efficiency and resolution.131 Surface modification of
monoliths reduces the total amount of residual silanol groups but cannot totally eradicate them.
To decrease the number of residual silanol groups and to improve the chromatography, endcapping of columns is often done. End-capping involves the masking of residual silanol groups
with bulky organic groups. Yang et al. have used hexamethyldisilazane (HMDS) and N(trimethylsilyl)imidazole (TMSI) as end-capping reagents.205 Better results were obtained for
basic compounds and the compounds that showed hydrogen bonding when end-capping was
done with TMSI in dry acetonitrile at 60° C.
3.8 Applications of monolithic columns
Irrespective of whether monolithic columns are made of silica or polymers they have
found wide range of applications. A few of these applications are discussed below:
Earlier the use of silica monolithic rods and capillary columns was done for separation of
compounds like alkyl and aromatic hydrocarbons.166,180 Along with polymeric monoliths,
applications of silica monoliths were slowly extended for separation of biomolecules like
proteins,206 peptides,207-209 vitamins210 and nucleosides.211 Recent literature suggests separation of
extremely complex mixtures like plant extracts,212 antibodies,200,213 single and double stranded
nucleic acids214 is also achieved. A few researchers have also used monolithic columns for two
dimensional liquid chromatography (2DLC).215-216
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3.9 Overview
Over the years monolithic columns have gained huge importance in the field of liquid
chromatography and are considered as potential option for traditional particle packed and core
shell columns. The structural features of monolithic columns make them unique from particle
packed columns. Their morphology is such that they don’t contain particles but are instead made
from a single porous rod with two distinct sizes of pores. The macropores allows percolation of
the mobile phase through it at reduced back pressure, speeding up the analysis.131 On the other
hand, the smaller diameters of mesopores reduce the diffusion distance for analytes and the
accumulation of stagnant mobile phase on monolithic bed thus increasing the efficiency of
monolithic columns.147,158
The work in this dissertation is focused on preparing surface gradients on
chromatographic substrates and to discover the advantages they can offer. There were two main
reasons to choose the monolithic columns over packed particle columns: (1) The higher porosity
and permeability provides us the ability to tune the infusion rate and hence alter the gradient
profile as required because of smaller back pressures. (2) Since monolithic column exist as rod’s,
it was easy to analyze them. For example, monolithic rods can be easily cut at different positions
and the degree of silica modification can be analyzed. For particle packed column, this would be
extremely difficult as it exist as powdered slurry and not as a solid rod.
The one disadvantage of using silica monolithic rods is the degree of reproducibility in its
preparation. A slight change even in a single parameter can result in cracked or nonhomogeneous monoliths. Structural heterogeneity among macropores is a common issue among
silica monoliths.131 The other difficult process was cladding of a monolith to make it into a
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column. Cladding of commercial monoliths is a patented process and the literature describes
cladding very vaguely. All the monoliths prepared in our laboratory were based on the procedure
described by Minakuchi et al.180 We modified the procedure to prepare the monoliths within 4
days with structural features similar to that of commercial columns. Our monoliths were double
cladded using heat shrink tubing. The inner layer was made of PEEK while the outer was made
of PTFE. This was done to increase the mechanical strength and to adjust the monolith
dimension so that it fits accurately in column assembly and can be connected directly to a
chromatographic instrument. The monolithic columns prepared were modified to form a uniform
surface coating, a gradient coating and few were used as prepared with no further modification.
The gradient characterization was confirmed by X-ray photo electron spectroscopy (XPS). The
detail discussion on preparation, modification and characterization of monoliths along with their
application to demonstrate the differences in selectivity is done in chapter 4.
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Chapter 4
Amine Gradient Stationary Phases on In-House Built Monolithic Columns for Liquid
Chromatography
Veeren C. Dewoolkar, Lena N. Jeong, Daniel W. Cook, Kayesh M. Ashraf, Sarah C. Rutan,
Maryanne M. Collinson
Adapted from Anal. Chem. 2016, 88, 5941-5949

4.1. Abstract
Stationary phase gradients on monolithic silica columns have been successfully and
reproducibly prepared and characterized with comparisons made to uniformly modified
stationary phases. Stationary phase gradients hold great potential for use in liquid
chromatography, both in terms of simplifying analysis as well as providing novel selectivity. In
this work, we demonstrate the creation of a continuous stationary phase gradient on in-house
synthesized monolithic columns by infusing an aminoalkoxysilane solution through the silica
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monoliths at a set infusion rate over a set period of time, producing a surface gradient in amine
groups and a counter gradient in silanol groups. The presence of amine and its distribution along
the length of gradient and uniformly modified columns was assessed via X-ray photoelectron
spectroscopy (XPS). XPS showed a clear gradient in surface coverage along the length of the
column for the gradient stationary phases while a near uniform distribution on the uniformly
modified stationary phases. To demonstrate the application of these gradient stationary phases,
the separations of both nucleobases and weak acids/weak bases on these gradient stationary
phases have been compared to uniformly modified and unmodified silica columns. Of particular
note, the retention characteristics of eleven gradient columns, five uniformly modified columns,
and five unmodified silica columns have been tested to establish the reproducibility of the
synthetic procedures. Standard deviations of the retention factors were in the range from 0.02 to
0.5, depending on the analyte species. We show that selectivity is achieved with the stationary
phase gradient that is significantly different from either uniformly modified amine or
unmodified, bare silica columns. The results from this work indicate the significant promise of
this strategy for creating novel stationary phases for liquid chromatography.
4.2 Introduction
Liquid chromatography (LC) is a widely used method to separate complex mixtures.
Separations are typically achieved with the use of chemically bonded stationary phases, which
retain compounds differently based on the interactions of the analytes with the stationary phase
functionalities and with the mobile phase. Separation of analytes in LC is accomplished by
careful selection of stationary phase chemistry and mobile phase conditions, such as solvent
composition and pH. By varying the stationary phase chemistry as well as the mobile phase
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conditions, the interactions of the analytes with the stationary and mobile phases can be changed,
giving rise to different selectivity.
Given the complexity of many biologic and environmental samples, there is an ever
growing need to improve selectivity to provide better resolution between analytes that may not
be well separated on currently available columns. One viable means to do so is to use what is
termed a gradient2-3 stationary phase. Gradient stationary phases exhibit a gradual change in the
surface coverage of a specific chemical functionality(ies) from one end of the column to the
other. This change in concentration causes a change in the chemical and physical properties (e.g.,
charge, hydrophobicity, etc.) over the length of the column. The use of gradient stationary
phases has the potential to access novel selectivities as well as to allow for precise control of the
concentrations of surface functionalities that drive these selectivities.
Gradient stationary phases have been prepared in a number of different ways, but in
general they can be broken into two types: discontinuous vs. continuous. Examples of a
discontinuous gradient stationary phase include columns with different bonded phases serially
connected together.96-98,217-221 Such gradient stationary phases have been successfully used to
separate complex mixtures with a better separation than possible with a traditional uniformly
modified stationary phase. 96-98,217-221 However, due to the fact that additional connections must
be made, issues with excess void volume are possible. Serial columns also do not allow for
cooperative interactions to take place with strategically positioned functional groups on a surface
with complementary functional groups on the analytes.
Recently, a few reports of continuous gradient stationary phases have appeared in the
literature as a means to improve the selectivity of separations.7-9,101-103,222-223 Our group, for
example, has demonstrated the usefulness of continuous stationary phase gradients in thin layer
86

chromatography (TLC) plates via separation of mixtures of acids and bases, over the counter
drugs, water and fat-soluble vitamins, and metal ions.98,219-220 Gradient stationary phases have
also been prepared on polymeric capillary monoliths for electrochromatography.101-103 These
gradient stationary phases showed better performance and resolution of solutes compared to
homogeneously modified stationary phases. Bassanese et al. have recently reported the
modification of a commercial silica monolithic column to form a gradient stationary phase,
which they claimed gave different efficiencies, depending on the direction of the flow relative to
the gradient direction;100 however, this observation goes against well-established theory that peak
compression should not occur on gradient stationary phases.224 In this particular study, only one
commercial column was modified, the results from the elemental characterization of the gradient
profile were inconclusive, and no comparisons made to results obtained on uniformly modified
columns. A peak parking method did give some indirect evidence of the presence of a gradient.
Clearly, more in-depth studies with more replicates and controls need to be performed to confirm
or deny the presence of this phenomenon and the usefulness of continuous gradient stationary
phases in the field of chromatography.
In this work, we demonstrate for the first time the creation of a continuous stationary
phase gradient on a monolithic silica134,158,225-227 column via controlled rate infusion (CRI)5-6 and
then validate its ability to alter analyte retention relative to a uniformly modified stationary
phase. In CRI, a prehydrolyzed organoalkoxysilane solution is infused into a reaction vessel
where it reacts with surface Si−OH groups on a suitable support (e.g., silicon wafer) in a timedependent fashion.5-6 A gradient in surface coverage thus forms along the length of the substrate.
The extent of surface modification along the length of the substrate depends on the reactivity of
the silane, its concentration in the deposition solution, and the rate of infusion.
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5-6

In the present

work, CRI was performed by infusing directly into the column rather than using a separate
reaction vessel as in our previous experiments.5-6 Proof-of-principle studies were undertaken
using amine modified columns prepared from 3-aminopropyltriethoxysilane. The presence of
the amine and how its surface concentration changes along the length of the column were
carefully evaluated using X-ray photoelectron spectroscopy (XPS) and the reproducibility
associated with column modification evaluated. To demonstrate the application of these gradient
stationary phases in the field of chromatography, the stability, efficiency, and reproducibility
associated with the separation of both nucleobases and weak acids/weak bases is established.
Direct comparisons are made between the unmodified, uniformly modified, and gradient
stationary phases and the results demonstrate the promise continuous gradient stationary phases
have in separation science.
4.3 Experimental
4.3.1 Reagents
Polyethylene glycol (PEG) 10,000 was purchased from Alfa Aesar. Tetramethoxysilane
(TMOS, 98%) and 3-aminopropyltriethoxysilane (APTES, 98%) were purchased from Alfa
Aesar and Acros Organic, respectively. Ammonium hydroxide (25%), ethanol (200 proof,
USP/ACS grade), acetonitrile (HPLC grade), and paraffin oil were obtained from various
manufacturers. Uracil, cytosine, benzoic acid (BA) and 4-aminophenol (4-AP), 2-aminopyridine
(2-APy) and 3-aminobenzoic acid (3-ABA) were purchased and used as received.
4.3.2 Preparation and cladding of silica monoliths
The silica monoliths were synthesized using a procedure designed by Minakuchi et al. 180
Modifications to this method were made to enable the creation of a double cladded monolithic
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column in 4 days. First, 0.6 g of PEG (MW 10,000) was dissolved in 5 mL of 0.01 M solution of
acetic acid. Then, 2 mL of TMOS solution was added to this acetic acid/PEG solution and placed
into an ice bath and stirred vigorously for 30 min on a stir plate. The solution was then poured
into hollow PTFE molds of about 3.3 mm inner diameter (i.d.) and 10.5 cm length. All of the
molds were filled to a cm below their capacities. The molds were then sealed on the top using
paraffin film. The molds were then placed in a water bath (Precision) at 40 °C for 24 hours.
Monoliths, which shrank during synthesis, were removed from the molds and placed in 1 M
ammonium hydroxide solution, which was then placed in an oven at 120 °C for 3 hours. The
monoliths were then removed from the oven, cooled to room temperature, and transferred to an
evaporating dish containing 0.01 M nitric acid for one hour. The monoliths were then soaked in
25% ethanol-water mixture for one hour after which they were dried on filter paper, soaked in
paraffin oil, and placed in oven at 75 °C for 18 hrs.228 After cooling to room temperature, the
monoliths were dried using a heat gun to evaporate the paraffin oil layer from their surface. The
monoliths were then placed in a porcelain dishes in a furnace (Thermolyne Furnace 1500) which
was ramped at 0.6 °C/ min to 600 °C and held for 2 hrs to evaporate any remaining liquids and to
burn off all organic content. As shown in Figure 4.1, monoliths of different sizes can be readily
made using this procedure.
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Figure 4.1 Silica monoliths of different lengths and diameters.
To produce a column for LC, the monoliths of dimensions 8 cm X 0.22 cm were cladded
with heat-shrink polyether ether ketone tubing (PEEK; Zeus, AWG 10; 0.125” i.d.) followed by
heat-shrink polytetrafluoroethylene tubing (PTFE; Component Supply Co., 2:1; AWG-12; 0.150”
i.d.).229 The monoliths were cladded with two layers to increase mechanical strength and to
properly fit into the chromatographic fittings. First, the monolith was inserted into a length of
heat shrink PEEK tube longer than the monolith and then placed in a furnace. The temperature
was ramped at 10 °C/ min to 365 °C, held at 365 °C for 2 hours, and then allowed to cool to
room temperature producing a tightly cladded monolith was obtained. The PEEK cladded
monoliths were then inserted into heat shrink PTFE tubing of same length as that of PEEK
cladded monolith. The monoliths were placed in a gas chromatography oven (Hewlett Packard,
5890), heated to 350 °C at10 oC/min, held for 15 min, and then allowed to cool to room
temperature. Finally, a double cladded monolith with an inner PEEK layer and an outer PTFE
layer was obtained.229 The monoliths were fitted with PEEK ferrules (VICI) and fittings (VICI)
at the inlet and outlet, and each end was connected to the 1/8” end of a reducing union (VICI)
containing a frit (Supleco), allowing for the connection to the 1/16” tubing used on the LC
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instrument. Figure 4.2 shows the monolithic column assembly for connection to the
chromatography instrument.

Figure 4.2 Double cladded monolithic column fitted with ferrule, fittings and
reducing unions for connection to the LC instrument.

4.3.3 Monolith functionalization
The monolithic column assembly was attached to an LC pump (1100 series, Hewlett
Packard) and an ethanolic solution of APTES was slowly infused into the column. For the
monoliths designed to have a near uniform amine coverage along its length, the APTES solution
(ethanol: APTES: distilled water 20:1:0.2 v/v/v) was infused through the monolithic column for
30 min at a flow rate of 0.667 mL/ min. Because the end of the monolith that is attached to the
LC pump is exposed to the aminosilane solution longer than the other end, a gradient in amine
functionality forms along the surface of the monolith. To remove the excess silane after the 30
min deposition period, the column was flipped, reattached to the LC pump, and infused with
ethanol for 1 h at 0.75 mL/ min. For the monoliths designed to have a near uniform amine
coverage along its length, the aminosilane solution was passed through the monolithic column
for a considerably longer period of time (2 h) at a significantly reduced flow rate (0.167
mL/min). Again, the column was then flushed with ethanol at a rate of 0.75 mL/min for 1 h to
remove the nonbonded amine from the surface. Both the amine gradient and uniformly modified
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column were air-dried overnight and, before analysis, equilibrated for 20 column volumes of
appropriate mobile phase.
4.3.4 Monolith characterization
The morphology of unmodified monoliths was imaged using Scanning Electron
Microscopy (SEM) (JEOL LV-5610 SEM). The silica monolith was crushed using a mortar and
pestle and the resulting powder was attached to the SEM sample holder via sticky tape. The
sample was sputtered with platinum for 120 seconds and observed under SEM. The surface area,
average pore diameter and total pore volume of unmodified silica monolith was obtained from
N2 adsorption-desorption isotherms acquired with a Quantachrome Autosorb 1MP surface area
and pore size analyzer. A small piece of a monolith was weighed and placed in the BET tube and
out-gassed at 120 °C for 24 hrs. The Brauner, Emmett and Taylor (BET) method was used for
the determination of surface area while the Barrett, Joyner, Halenda (BJH) method was used for
determination of the pore size distribution and total pore volume of the mesopores.230
The extent of amine modification on the silica monolithic columns was evaluated using
X-ray Photoelectron Spectroscopy (XPS) (ThermoFisher ESCAlab 250, Al Kα (1486.68 eV))
using a 500 μm spot size, 50 eV pass energy and 0.1 eV step size. Representative modified
monoliths of 5 cm length were carefully sliced into 20 pieces of 2.5 mm length. Ten slices,
proceeding from the high amine end to the low amine end, for the gradient monolith and five
slices of the uniformly modified monoliths were placed on sticky carbon tape and loaded into the
vacuum chamber overnight. Charge corrections were made using the C1s peak at 284.6 eV.
Samples were run in duplicate and the area for N1s peak was calculated using Avantage version
4.4 software.
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4.3.5 Chromatographic conditions
The monolithic column assembly was attached to an LC (HP1090, Hewlett Packard) via a
reducing union. The analysis was done on three different types of columns: unmodified (bare
silica columns), uniformly amine modified columns and amine gradient columns. Because the
stationary phases consisted of silanol and amine functionalities, hydrophilic interaction liquid
chromatography (HILIC)231-235 was performed using 90% acetonitrile and 10% aqueous buffer.
For the separation of pyrimidine nucleobases consisting of uracil (40 µg/mL) and cytosine (200
µg/mL), an ammonium acetate buffer (10 mM; pH 3.64) was used. For the weak acid/weak base
mixture consisting of benzoic acid, 3-aminobenzoic acid, 4-aminophenol and 2-aminopyridine
(each at 20 μg/ mL), the buffer was ammonium formate (20 mM; pH 3.08). The separation of the
nucleobases was carried out in duplicate at flow rates from 0.1 mL/ min to 1 mL/ min to produce
van Deemter curves. The separation of the weak acid/weak base mixture was performed in
duplicate at a constant flow rate of 0.5 mL/min. The dead volume was determined for each
individual column using toluene as a marker. The flow rate used for dead volume determination
was 0.5 mL/ min.
4.3.6 Data analysis
Calculations of retention time and peak widths were performed using MATLAB version
R2013a (Mathworks, Inc., Natick, MA). Data files were converted from Agilent .D files to
MATLAB .mat files using ACD/Lab Spectrus Processor (Advanced Chemical Development,
Inc., Toronto, Canada). Using an in-house program to perform multivariate-curve resolutionalternating least squares (MCR-ALS), the individual analyte signals were separated from each
other and from the background.236 Briefly, MCR-ALS extracts pure contributions from the
instrumental data (i.e., the pure chromatographic and spectral profiles of each analyte and the
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background) by taking advantage of the full spectral dimension in the data. For more information
the reader is referred to a book chapter by Rutan, de Juan, and Tauler.237 The pure
chromatographic profiles of the analytes were then used for the calculation of retention time and
peak width.
Since the obtained chromatographic peaks were not Gaussian (i.e., they were
asymmetric), the retention times were calculated using statistical moments calculation,238
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where h(ti) is the detector reading at time ti and M0 and M1 represent the area and the position of
the peak, respectively. The first moments determined in this way were used for determination of
the retention factors using the equation k = (tR – tM)/ tM, where tR and tM are the position of the
peak and the dead time, respectively. The precision of second and higher moments suffer from
inconsistent determination of baseline. Therefore, the efficiency of each monolithic column (Nsys)
was determined using the Foley-Dorsey equation, which is based on the properties of a wellaccepted peak model known as the exponentially modified Gaussian (EMG) function239

N SYS 

41.7(tR / W0.1 ) 2
B / A  1.25

(3)

where W0.1 is the width at 10 % of the maximum, tR is the retention time derived from the peak
maximum, and B/A is the asymmetry factor at 10 % of peak maximum, where B>A. Finally, van
Deemter plots were generated by plotting the plate height (H = L/NSYS) versus linear velocity
(vm).
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4.4 Results and discussion
4.4.1 Monolith fabrication and characterization
Silica monoliths were prepared by the hydrolysis and condensation of TMOS in the
presence of PEG as described in the experimental section. The monolith that results has a multipore structure consisting of large macropores to allow for fast flow and considerably smaller
mesopores to increase the surface area of monoliths and decreases the diffusion path of
analytes.227 By changing the polymer-silica ratio, the porosity of the monolith can be easily
manipulated.134,225-227
Figure 4.3A shows a representative SEM image of an unmodified silica monolith
prepared in this work. The large macropores are ~ 2-3 µm in diameter and can be easily
observed in both low and high resolution SEM images. The mesoporous structure of the
monolith, however, is best evaluated from the N2 adsorption-desorption isotherms. Figure 4.3B
shows the isotherm, which reveal a type IV curve characteristic of mesoporous structures.230 The
specific surface area of ten similarly prepared monoliths calculated using the BET model was
297 ± 22 m2/g. The pore size distribution of the unmodified silica monoliths is presented in the
inset shown in Figure 4.3B. The average mesopore diameter was found to be 14.5 ± 1.1 nm and
the total pore volume to be 1.07 ± 0.06 mL/g.
One of the distinct advantages that monolithic silica provides as compared to a traditional
LC column is a significantly reduced back-pressure.225-226 As a result, infusion-based methods
can be easily adapted to strategically and controllably modify the surface with an organosilane.
In

this

work,

the

monolithic

columns

were

modified

with

hydrolyzed

3-

aminopropyltrimethoxysilane (APTES) precursors using a method recently developed in our
laboratory termed controlled rate infusion (CRI).5-6 In CRI, a pre-hydrolyzed silane solution is
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infused over a reactive substrate at a controlled rate for fixed amount of time typically ranging
from 2 min to 30 min.5-6 Changes in the infusion rate, concentration of silane, and/or reactivity of
the silane leads to supports with differing levels of modification, as previously demonstrated for
planar substrates. 5-7 Organoalkoxysilanes with amine groups are ideal to use from a synthetic
standpoint because they serve as a self-catalyst to increase the rate of condensation between free
silanol groups on the substrate and the silane solution.5,240 Thus, they react on the time scale of
infusion (typically 2-30 min), as previously shown using primary, secondary, and tertiary
aminoalkoxysilanes for the temporal modification of silicon wafers, TLC plates and more
recently a fused silica capillary.5-7,10 However, other organoalkoxysilanes (e.g., R = phenyl,
thiol) can also be used with a few adjustments in the preparation of the initial solution.8,241
A

B

Figure 4.3 (A) SEM images of unmodified silica monolith. (B) N2 adsorption
desorption isotherm and pore size distribution for an unmodified silica monolith.
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In this work, CRI was adapted in such a manner as to form a continuous gradient on a
monolithic silica rod. One end of the cladded monolith was attached to the LC pump and a
solution containing APTES was continually flowed through the monolith at a constant rate.
After a fixed period of time, the column was reversed and flushed with ethanol from the low
amine end to the high amine end to remove any unreacted or physically adsorbed amine from the
monolith surface. Under these conditions, the front of the monolith has a greater degree of
modification while the back end, which is exposed to solution for a shorter period of time, has a
lower degree of modification. A ‘uniformly’ modified monolith was prepared in a similar
manner with the exception that the flow rate was considerably reduced and infusion time
significantly increased.

In both cases, unreacted silanol groups are present. For the uniform

monolith, the amount of unreacted silanol groups is constant across the length of the substrate
but for the gradient monolith, it opposes the amine gradient. That is, the gradient monolith will
actually have a gradient in amine and a counter gradient in surface silanol groups. Gradient
formation in both amine and silanol functionalities in opposite directions has the potential to give
rise to a synergistic or mixed mode activity when used for separation purposes.
To confirm formation of a gradient in amine, XPS was used. In this experiment, the
monolithic columns were carefully sliced using a sharp razor blade into sections ~ 2.5 mm in
length and each section was placed upright on the XPS holder and held down with carbon tape.
These chips were then analyzed by XPS for nitrogen by carefully positioning the beam in the
center of the sliced monolith sections. It was important to slice the monolith sections gently and
evenly to minimize crumbling, which leads to a grossly uneven surface and greater point-to-point
variability in the XPS signal.
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Figure 4.4A shows the N1s spectra obtained along the length of the gradient monolith
from low amine end to high amine end. The presence of nitrogen was confirmed by the
appearance of a peak at 399 eV, which is consistent with the binding energy for free amine.5-6
The N1s peaks show a shoulder at 401 eV, which is attributed to protonated amine groups as
noted in prior work.240 The end of the gradient monolith directly attached to the infusion pump
yields the largest N1s peak while the other end of the monolith shows the smallest peak, clearly
demonstrating gradient formation. At this level of experimentation it is not possible to tell if a
monolayer or multilayer of amine is formed on the monolith. However, on the basis of
previously detailed ellipsometry experiments conducted on amine modified silicon wafers
prepared under similar conditions, a near monolayer is formed.241

Figure 4.4 (A) N1S spectra obtained from different sections of amine gradient
monolith along its length. (B) N1S area in units of CPS eV as a function of a distance
for the unmodified (n=1) and two separately prepared uniformly modified and
gradient monoliths. The low amine end is at position 0 and high amine end is at
position 5.
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To better see this variation in functionalization, the area under the N1s peak was
measured and profiles plots obtained. Figure 4.4B shows the XPS results for two different
gradient monoliths, two uniformly modified monoliths, and one unmodified monolith. The
unmodified monolithic column shows a small N1s peak, previously attributed to the presence of
adventitious nitrogen in the atmosphere.5 This signal is significantly smaller than that observed
on the uniformly modified or gradient monoliths. For the uniformly modified monoliths, N1s
area is 9000 ± 1000 cps eV, which is considerably larger than that observed on the unmodified
substrate (~2000 cps eV). This material shows what appears to be a very shallow gradient. It’s
quite possible that the hydrolyzed aminoalkoxysilane precursors were partially depleted by the
time the reacting solution reached the end of the column. It is also possible that more time (> 2
hours) is needed to form a uniformly modified surface. However, when compared to the gradient
column, the shallow gradient on uniformly modified column is taken to be negligible.
For the gradient monoliths, a strong and distinct variation in the aminoalkoxysilane
coverage can be clearly noted. Much of the point-to-point variability is attributed to positioning
differences of the x-ray beam on the rough silica surface. Less variability was observed when
the surfaces were smooth with few indentions (or pits). The N1s peak area on one end of the
gradient monolith is ~1500 ± 500 cps eV, which is nearly identical to that observed on the
unmodified monolith. At the other end, which was directly attached to the LC pump, the N1s
area was ~11,000 ± 1000 cps eV and similar to that observed on the uniformly modified
monolith. Both monolithic gradient columns (as well as both uniformly modified columns) that
were characterized, show similar results indicating that the reproducibility of column
modification is good, particularly when the columns can be made and modified at or near the
same time as was the case in this work.
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4.4.2 LC characterization
Two different mixtures were used to evaluate the chromatographic performance of the
three different types of columns used in this work. One set of mixtures contained our first test
compounds, uracil and cytosine, and the second set consisted of a mixture of four weak acids and
bases, shown in Figure 4.5. Collectively, these mixtures will establish the stability, degree of
retention, column efficiency, and reproducibility of an amine gradient stationary phase for LC
and provide a proof-of-principle demonstration of its promise in controlling analyte retention.

Figure 4.5 Structure and pKa’s of the analyzed compounds.242
4.4.3 Stability of monolithic columns
One representative column of each type (unmodified, uniformly modified, and gradient)
was used to evaluate the stability of monolith with and without modification. 2-aminopyridine
(40 µg/ mL) was injected every 30 min for 24 hrs using a flow rate of 0.5 mL/min. Figure shows
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an overlay of these replicate injections for unmodified silica monolith column. No observable
difference was seen in either peak widths or retention time, indicating that the column was stable
over many injections. The same stability test was performed for uniformly amine modified and
amine gradient monolithic columns (Figure 4.6); column stability was confirmed for those
columns as well.

Figure 4.6 Chromatograms obtained every 2 hours on unmodified and modified silica
columns with 2-aminopyridine showing similarity in retention times, peak height and peak
width.

4.4.4 Evaluation of retention: Mixture 1
The first test mixture consisted of uracil and cytosine. HILIC conditions were employed
for their separation due to the polar nature of these compounds, which show retention with both
amine and silica functionalities under HILIC conditions. In this study, the mobile phase was
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acetonitrile: ammonium acetate buffer (10 mM; pH 3.64) (90:10 v/v). Chromatographic
separations were carried out on multiple columns of each type: unmodified, uniformly modified
and amine gradient. The reproducibility of columns was tested by carrying out separation at
different times and on different days. A representative set of chromatograms for these two
compounds on the three different monolithic columns are shown in Figure 4.7.
Figure 4.7A, B and C shows the chromatograms on unmodified, amine gradient and
uniform columns, respectively. All three chromatograms for the three different columns showed
the same pattern for elution of uracil and cytosine, which is in agreement with previous work
using HILIC on commercial columns.243 Both uracil and cytosine are weakly retained on these
columns, though the retention is greater on the uniformly modified and gradient amine columns
relative to the unmodified monolith. Both compounds show somewhat distorted peak shapes.
The most likely explanation for this is small imperfections in the cladding that may result in nonuniform flow paths for the mobile phase and/or possible microscopic cracking of the monolithic
bed.
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Figure 4.7 Stacked chromatograms of uracil (red) and cytosine (blue) standards on (A)
unmodified, (B) gradient, and (C) uniformly monolithic columns. The chromatograms are
normalized to represent a 5.8 cm column in each case.

From the chromatograms, retention times were measured and the retention factor for each
of the nucleobases calculated using as described in the experimental section.

The

chromatographic runs were undertaken on 11 amine gradient columns and 5 each of unmodified
and uniform monoliths. These values are shown in Figure 4.8. Standard deviations in the
retention factors ranged from 0.06 to 0.16 for uracil and cytosine, respectively. No significant
differences in retention on the three different columns were noted. The higher retention of
cytosine on both the amine and silica phases as compared to uracil is consistent with literature
reports using commercial columns.243-244

103

Figure 4.8 Retention factors for uracil and cytosine on unmodified (n=5), gradient (n= 11),
and uniformly modified monolithic columns (n=5).

4.4.5 Column efficiency
The efficiency of each column type (unmodified, uniformly amine modified and amine
gradient monoliths) was determined using the uracil/cytosine mixture at a flow rate range from
0.1 mL/min to 1.0 mL/min (0.1 mL/min increments) in replicates. The retention time (t R) of each
peak was calculated using first central moment (eq. 2) and plate number (N) was calculated using
Foley-Dorsey equation (eq. 3). The plate number (N) was then converted to plate height, H,
using each column length (L). The van Deemter plots for each column type were created by
plotting H versus linear velocity, vm, as shown in Figure 4.9.
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Figure 4.9 Van Deemter plots of uracil (red) and cytosine (blue) on unmodified,
gradient and uniformly modified monolithic columns.

Overall, the van Deemter plots are flat and have no significant differences between plate
heights over entire range of linear velocities studied. The relatively flat shapes of the van
Deemter plots are reasonable based on previous literature reports.156-157 The flatter van Deemter
curves are thought to be due to reduced mass transfer C term due to the lesser amount of stagnant
mobile phase.158
4.4.6 Peak compression
In thin layer chromatography (TLC), gradient direction plays an important role in
retention and hence separation of a mixture of analytes.7-8 In our previous work,7 a mixture of
acids/bases was spotted on the high amine end of the gradient stationary phase, the separation
was nearly identical to that obtained on a uniformly modified TLC plate. However, when
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spotted on the low amine end, the separation of all four compounds was possible.7 In TLC, the
mobile phase moves due to capillary action and the process stops when the solvent reaches the
top of the plate; thus, separation will depend on which end of a gradient the mixtures are spotted.
However, in LC columns, the analyte will continuously travel down the column until it is eluted.
Thus, in LC, the direction of gradient should not play a significant role in retention of the
analytes or on the efficiency of the separation. This has been confirmed by simulations of
gradient stationary phases.245 However, Bassanese et al. reported that the performance of
stationary phase gradients are dependent on the direction of flow due to the compression of
analyte bands when flowing towards the end with higher surface coverage.236
To evaluate whether peak compression influences the separation, we analyzed 3aminobenzoic acid on an amine gradient column, reversing the column between runs. If peak
compression occurs as a result of the stationary phase gradient, it is expected that the retention
time and peak widths would show a difference when flow occurs from high amine to low amine
concentration versus low to high amine concentration. No significant change in peak width was
observed (p = 0.2). Differences in retention times (calculated by statistical moments) were found
to be insignificant at a confidence level of 0.01 (p = 0.02), which was chosen due to the
imperfect peak shapes as discussed in a previous section. An overlay of these chromatograms is
provided in the Figure 4.10. Using replicates within and between different columns, the only
observed differences can be attributed to errors introduced by the column fittings (data not
shown). This agrees with Blumberg’s assertion, based on Giddings’ theory, that peak
compression does not occur in stationary phase gradients;224 however, more thorough studies
need to be performed in order to definitively determine the absence or presence of peak
compression on stationary phase gradients.
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Figure 4.10 Overlaid chromatograms of 3-aminobenzoic acid from a single
gradient amine column run starting from both ends (dashed blue lines represent
one column direction and red lines represent opposite direction).

4.4.7 Controlling retention with gradient stationary phases: Mixture 2
Given no significant difference in retention was noted for the uracil/ cytosine mixture, a
second mixture was studied. This mixture consists of four acids and bases, Figure 4.5B, which is
the same mixture that was used to demonstrate the advantages of a gradient amine stationary
phase for planar chromatography in previous work.7 In that work, on TLC plates ABA and BA
showed the strongest retention while APy was least retained. The compound that was most
sensitive to the modification of the TLC plate was APy, where it was most retained on the
unmodified plate. Complete separation was only achieved when the mixture was spotted on the
low amine end of the gradient plate.
Figure 4.11 shows stacked MCR-ALS resolved chromatograms of this mixture on
unmodified, uniformly modified, and gradient monolithic columns. The time axis for uniform
amine chromatogram was normalized to represent a 5.8 cm column for direct comparison to the
other chromatograms. The mobile phase used was acetonitrile: ammonium formate buffer (20
mM; pH 3.08) 90: 10 v/v.
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Figure 4.11 Stacked chromatograms resolved by MCR-ALS of 3-ABA (red), BA (black), 2APy (blue) and 4-AP (green), on unmodified, gradient, and uniformly modified monolithic
columns. The chromatograms are scaled to represent a 5.8 cm column in each case.

The chromatogram from the unmodified monolithic column in Figure 4.11A shows two
well separated peaks, with three of the four compounds (BA, 3-ABA and 4-AP) co-eluting. The
most basic compound in this mixture, 2-APy, is partially retained due to interactions with the
slightly acidic silanol groups. For the amine modified monolithic columns, Figure 4.11 B & C,
however, the more acidic compounds (BA, 3-ABA) are retained presumably through hydrogen
bonding interactions between the carboxyl and amine groups. Separation takes place between
BA and 3-ABA while 4-AP and 2-APy co-elute. These results are consistent with that observed
for TLC whereby 4-AP and 2-APy weren’t retained on the amine modified stationary phases
while BA and 3-ABA were. What is particularly noteworthy is that the retention of BA and 3ABA, in particular, is different for the uniformly modified vs the gradient stationary phase. The
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acids exhibit greater retention on the uniformly modified column compared to that on the
gradient column, consistent with the greater amount of amine on its surface. On the unmodified
monolithic columns, neither compound was retained. Both BA and 3-ABA have acidic
functionalities that can interact with the amine groups on the stationary phase. The small
differences in retention between these two compounds on the gradient vs uniformly modified
monolith is attributed to the amine group on ABA, which is not present in BA. It is possible that
the basic amine group in ABA interacts with the acidic silanol groups resulting in slightly greater
retention.
The retention factors for this data are shown in Figure 4.12. The chromatographic studies
were done for 10 amine gradient, 5 unmodified and 3 uniformly modified columns. The standard
deviations associated with the retention factors ranged from 0.2 to 0.5 for the acidic compounds
on the amine modified columns but was below 0.2 for the basic compounds and for all the
compounds on the unmodified column.

Figure 4.12 Retention factor for BA, 3-ABA, 4-AP, and 2-APy on unmodified
(n=5), gradient (n=10) and uniform (n=3).
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4.5 Summary
Controlled rate infusion provides a straightforward and technologically simple means to
create a stationary phase gradient on a monolithic silica column for use in the separation of
mixtures. Proof-of-principle studies were conducted using APTES as the modifying agent and
the profiles of the gradient and corresponding uniformly modified stationary phases were
established using XPS. While the gradient stationary phases show a gradual change in amine
functionality along the ~5.8 cm length column, the uniformly modified materials showed a near
constant surface concentration. The successful demonstration of compound retention on the
amine modified surfaces under HILIC conditions has been shown via the separation of two
pyrimidine nucleobases, uracil and cytosine, and a mixture of the weak acid and weak bases,
benzoic acid, 3-aminobenzoic acid, 4-aminophenol and 2-aminopyridine. The degree of retention
of these compounds differs depending on the loading of the amine functionality, indicating the
differences in selectivity between amine and silanol groups on the stationary phases. Specifically
for benzoic acid and 3-aminobenzoic acid the selectivity differs with differences in the amine
concentrations. Note, simulations using isocratic mobile phases show that there should be no
difference in retention between the shape of the gradient used here and the simple step gradient
of silica and amine, as long as the relative total concentration of the functional groups on the
column are the same.245 However, we believe the CRI method offers a convenient way of tuning
surface concentration/coverage. If mobile phase gradients are used in addition to a stationary
phase gradient, it is likely that unique selectivity differences may result from using different
gradient shapes. To our knowledge this is the first successful attempt to prepare reproducible and
continuous gradient stationary phases on in-house built silica monolithic columns. This is
beneficial as it allows for the optimization of the stationary phase gradients without the expense
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of modifying multiple commercial columns which can cost as much as $1000 each. While not as
easily modified as mobile phase gradients, stationary phase gradients present a potentially
powerful and cost effective alternative to mobile phase gradients. The ability to separate complex
mixtures isocratically has several advantages including reducing background in solvent-sensitive
detectors (e.g., mass spectrometry), eliminating solvent-mismatch effects in two-dimensional
liquid chromatography and eliminating long column re-equilibration times.87 Future work will
involve the creation of multi-component gradients on these monoliths similar to those created on
TLC plates8 as well as the investigation of any synergistic effects between the different
functionalities on the column.
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Chapter 5
Fabrication and Characterization of Amine-Phenyl Multi-Component Stationary Phases
for the Investigation of Mixed-Mode and Synergistic Effects

5.1 Abstract
Gradient stationary phases have potential to serve as an alternate approach to mobile
phase gradients for improving the selectivity and performance of liquid chromatography. These
gradient stationary phases can be prepared from one or more chemical functionalities. In this
work, amine and phenyl alkoxysilanes were used for preparation of gradients on monolithic
columns using controlled rate infusion. Both single and multi-component gradients (aligned and
opposed) with different infusion orders were prepared. The surface coverage of phenyl was
analyzed by diffuse reflectance spectroscopy; however, it was not possible to analyze amine
because X-ray photoelectron spectrometer wasn’t working for an extended period of time. To
demonstrate differences between single, multi-component gradients and serially connected
amine-phenyl single gradient columns, compounds like benzoic acid, 3-aminobenzoic acid,
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benzene and naphthalene were analyzed under hydrophilic interaction liquid chromatography
and reversed phase chromatography modes. A clear increase in retention for some of the
compounds was observed on multi-component gradient columns. This indicates the presence of
two or more functional groups on stationary phases can produce mixed mode interactions. The
experiments done were not sufficient enough to verify the presence of synergistic effects. There
were a few issues in carrying out the experiments because of defects in preparation and cladding
of monoliths and faults in the instrument’s injector system. The preliminary results presented
show the promise of multi-component gradient stationary phases for column chromatography.
5.2 Introduction
Liquid chromatography (LC) has evolved as a separation method with the goal of
improving selectivity to separate the complex mixtures with good resolution. Alteration of the
mobile phase composition, isocratic and gradient mobile phase elution,246-248 change in column
temperature249-252 and the pH of the mobile phase253-254 are commonly used techniques for
improving selectivity. Another way to improve selectivity is by modification of the stationary
phases. Common approaches involve the use of chemically bonded stationary phases, 88 columns
connected in series220,255-262 or by the formation of functionalized gradient stationary phases.7-11
Chemically modified stationary phases may contain one or more functionalities bonded
to their surfaces. These functionalities interact differently with different functional groups on the
solutes molecules. Stronger molecular interactions lead to an increased retention. In LC stronger
molecular interactions may result from mixed-mode and synergistic effects. In mixed-mode, the
retention on stationary phase occurs by two or more mechanisms.263 The mixed mode retention
can be observed in a presence of single stationary phase functionality which can interact with
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solutes by two or more mechanisms. For example, amine stationary phases can form hydrogen
bonding with deprotonated acids and can also interact by anionic exchange mechanism.11,231 The
majority of mixed-mode retention occurs because of two or more functional groups present on a
single ligand or by multiple functionalities on stationary phases.263 For example, a reversed
stationary phase containing long alkyl chain ligand with an ion exchange group attached to the
free end of the alkyl chain or a zwitterionic stationary phases contain both positively and
negatively charged ions and hence retention can either be due to the anionic or cationic exchange
mechanisms.263
A positive synergistic effect in chromatography increases relative retention/selectivity of
a solute on a stationary phase made from two or more components compared to that obtained by
sum of the relative retentions on each of the single component stationary phases.264-266 Relative
retention is the ratio of retention time of analyte to that of the standard.267 It helps to avoid the
interferences from variables like column length, flow rate, column degeneration, etc and to allow
the direct comparison of two similar columns based on analyte retentions.267 The synergistic
effects cannot be observed on single component stationary phases and also for all multicomponent stationary phases. For synergistic effects to take place, both the functionalities should
be capable of interacting with individual solutes and show compatibility and co-ordinate with
each other to increase the overall effect. The synergistic effect is classified as positive or
negative based on an increase or decrease in retention on stationary phases containing multiple
functionalities compared to a stationary phase containing single functionality.264
In this chapter, a study was done to observe the interactions of analyte species on both
single and multi-component gradient stationary phases that have a specific affinity towards only
one component of the stationary phase. The purpose was to understand if the presence of two or
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more components on stationary phases produces effects that are beneficial for retention,
selectivity or column performance. Amine and phenyl single and multi-component gradients
were prepared on different monolithic columns using the controlled rate infusion (CRI) method.5
Compounds having affinity for amino phase (benzoic acid, 3-aminobenzoic acid) and phenyl
phase (benzene and naphthalene) were selected. The compounds were separated using a fixed
mobile phase at a fixed rate using two different modes: hydrophilic interaction liquid
chromatography (HILIC) and reversed phase (RP). The comparison of the retention factors
obtained on HILIC and RP for all the four compounds was done on both single and multicomponent gradient stationary phases. The retention obtained on multi-component gradients was
higher than those obtained on individual stationary phase for some of the compounds. This
indicated the presence of mixed mode effects. The experiments done in this chapter were not
sufficient to confirm or deny the presence of synergistic effects.
5.3 Experimental
5.3.1 Reagents
Polyethylene

glycol

(PEG)

10,000,

tetramethoxysilane

(TMOS

98%),

3-

aminopropyltriethoxy silane (APTES, 98%), phenyltrimethoxysilane (PTMOS, 97%), were
purchased from Alfa Aesar. Ammonium hydroxide (25%), acetonitrile (HPLC grade), ethanol
(200 proof) were obtained from various manufacturers, benzoic acid (BA), 3-amino benzoic acid
(3-ABA), benzene (BEZ) and naphthalene (NAP) were purchased from Sigma Aldrich and used
as received.
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5.3.2 Preparation and cladding of silica monolithic columns
The preparation and cladding of the silica monoliths were done as mentioned in chapter
4.11 The procedure will be described very briefly here. 2 mL aliquot of TMOS was added to 5
mL of 0.01 M acetic acid solution containing 0.6 g of dissolved polyethylene glycol (PEG)
10,000. The mixture was stirred vigorously on an ice bath for 30 min. The sol was then poured in
a plastic mold and allowed to stay in a water bath at a constant temperature of 40 °C overnight.
The monolith formed after this step showed the presence of macropores but shrank in size. The
monoliths were exposed to 1M ammonium hydroxide for 3 hrs followed by nitric acid and then
finally rinsed with 25% ethanol in water. Exposure to ammonium hydroxide leads to the
formation of mesopores. The silica monoliths were then dried by soaking in paraffin oil followed
by heating in oven at 80 °C overnight. Finally, these monoliths were placed in furnace and
heated at 0.6 °C/ min to a temperature of 600 °C, held there for two hours and then cooled to
room temperature.
All the monoliths were double cladded using heat shrink polyether ether ketone (PEEK)
and poly tetrafluoroethylene (PTFE) polymers in furnace and gas chromatography (GC) oven at
365 °C for 2 hrs and 350 °C for 15 min, respectively. The PEEK was the inner layer while PTFE
formed the outer layer. Double cladded monoliths were then fitted with ferrules, fittings and then
the reducing unions (VICI) were attached to its both ends. The double cladded monolithic
column encased in this assembly was connected to the LC instrument.
5.3.3 Functionalization of monolithic columns
Amine and phenyl single and multi-component gradients were prepared using controlled
rate infusion (CRI). The double cladded column was connected to the LC pump (1100 series,
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Hewlett Packard) through a 1/16” end reducing union. The gradients were prepared by infusing
the silane solution through the monolithic columns. The amine sol was prepared using the
following recipe: Ethanol: APTES: distilled water (20: 1: 0.2 v/v/v) while the phenyl sol was
prepared using the following recipe: Ethanol: PTMOS: 0.01 M HCl: 0.02 M NaOH (15: 3: 1: 1
v/v/v/v). The amine sol was prepared directly by adding APTES and water to ethanol while for
phenyl sol, initially PTMOS and HCl were added to ethanol and stirred for 15 min which was
followed by addition of NaOH and then stirred for another 15 min.8
Single amine (A) and phenyl (P) gradients were formed by infusing the sol prepared by
the above mentioned recipes. The infusion time for amine sol was 30 min at a flow rate of 0.667
mL/ min while that for phenyl sol was 2 hrs at a flow rate of 0.167 mL/ min. The preparation of
multi-component gradients involved infusion of both amine and phenyl sol. The multicomponent gradients formed were classified based on the order of infusion and the direction of
the gradient with respect to each other. A total of 4 multi-component gradients were formed.
When both amine and phenyl gradient headed in same direction, the multi-component gradients
were termed as ‘aligned gradients’ while when amine and phenyl gradients headed in opposite
directions, the gradients were termed as ‘opposed gradients’. For the multi-component gradients,
the infusion time and infusion rate for both amine and phenyl gradient was same as that
employed in the preparation of a single component gradient. The multi-component gradients
formed by infusing amine followed by phenyl heading in same direction are termed as ‘A+P
aligned’ while those that headed in opposite directions are termed as ‘A+P opposed’. Similarly
multi-component gradients where phenyl was infused first followed by amine are termed as
‘P+A aligned’ or ‘P+A opposed’ based on whether the gradients were heading in same or
opposite directions.
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Immediately after the infusion of the amine silane solution, the monoliths were flushed
thoroughly by infusing ethanol for period of 40 min at a flow rate of 0.75 mL/ min. Flushing
with ethanol helped in rinsing out all the non-bonded amine. Phenyl gradient monoliths were not
rinsed with ethanol but air dried and then placed in an oven at 160 °C for 40 min. After
functionalization the monoliths were allowed to air dry overnight and then used for
chromatographic separations.
5.3.4 Monolith characterization
Before modification of monoliths, surface characterization of unmodified monoliths was
carried out. A small piece of unmodified monolith was crushed with a mortar and pestle and the
powder formed was placed on a sticky scanning electron microscope (SEM) tape. The sample
was then sputtered with platinum for 120 sec and observed under an SEM (JEOL LV-5610
SEM). From the SEM images, the monolithic domain was observed and its macropore size was
determined. The Brauner, Emmett and Taylor (BET) (Quantachrome Autosorb 1MP surface
area and pore size analyzer) was used to determine the surface area and the total pore volume of
the silica monolith. Determination of average mesopore size and its pore size distribution was
carried out by Barrett, Joyner, Halenda (BJH) method.230
The characterization of surface phenyl profile for all single and multi-component phenyl
gradient monolithic columns was done using diffuse reflectance spectroscopy. All the monolithic
columns having equivalent length of 5 cm were modified using CRI to form single and multicomponent phenyl gradient columns. Then the monolith was chopped using a razor blade into 5
pieces of 1 cm length. The small pieces were crushed to form a powder that was mixed with the
barium sulfate, which acted as a non light absorbing matrix. This mixture was analyzed by
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diffuse reflectance spectroscopy and the % reflectance at 264 nm was measured and converted
using the Kubelka-Munk equation. The K-M function was then plotted against the wavelength.
Because the X-ray photoelectric spectrometer (XPS) was not working, we were unable to obtain
the nitrogen profiles for these gradients. However, the surface profiles of the amine modified
monoliths are likely similar to those reported in chapter 4.11
5.3.5 Chromatographic conditions
The monolithic column assembly was connected to the LC instrument (HP 1090, Hewlett
Packard) using 1/16” end of reducing unions. Approximately 30 column volumes of the mobile
phase were passed through the monolithic column to achieve equilibrium between stationary and
the mobile phase. The equilibrated monolithic columns were then used to check the retentions of
4 different compounds namely benzoic acid (BA), 3-amino benzoic acid (3-ABA), benzene
(BEZ) and naphthalene (NAP). The retentions of all the compounds were observed using two
different chromatographic modes: hydrophilic interaction liquid chromatography (HILIC) and
reversed phase (RP). The mobile phase used was acetonitrile: 20 mM ammonium formate buffer
(pH 3.02). For the HILIC mode, the ratio of mobile phase composition of acetonitrile:
ammonium formate was 90:10 v/v while for the RP mode, the ratio was adjusted to 40: 60 v/v.
The retention of all 4 analytes was checked on both the single and multi-component gradient
columns. All the gradient columns were prepared in triplicates. The compound retention studies
were done on each column in duplicates at a flow rate of 0.3 mL/ min. Hence overall 6 different
runs for each compound were done using three columns of same gradient. The retention obtained
from single and multi-component gradient was compared to the retention obtained by connecting
a single amine and single phenyl gradient column in series. Amine and phenyl columns were
connected in series using a short PEEK tube of narrow diameter and low dead volume. Uracil
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and toluene were used as dead time markers but the dead time was calculated for an individual
column based on the compound eluting first from that particular column.
5.3.6 Data Analysis
All the agilent data files (.D) from the chromatography software were converted to
matlab files (.mat) using ACD/ Lab Spectrus Processor (Advanced Chemical Development, Inc.,
Toronto, Canada). All the matlab files obtained were processed through multivariate curve
resolution alternating least squares (MCR-ALS) method using an in-house developed
program.236 MCR-ALS helps to get rid of noise and background and extracts the pure analytical
signal giving pure chromatograms of the compounds without unwanted interference.237 The
peaks obtained were not Gaussian but asymmetric in nature and hence first statistical moment
was used for calculation of retention time (tR) of all 4 compounds on all single and multicomponent gradient columns. Dead time (tO) was also calculated for all columns using first
statistical moment.
5.4 Results and discussion
5.4.1 Preparation and functionalization of silica monoliths
The preparation of the silica monolith was done using TMOS by sol-gel transition.
Hydrolysis, condensation and polymerization take place to form the white solid silica monolith.
Phase separation occurs between the silica oligomers bonded to PEG 10,000 and the aqueous
acidic solvent. Phase separation competes with the ongoing sol-gel transition and the time
difference between the two reactions lead to the formation of macropores.139 PEG 10,000
dissolved in the acidic solution acts as a porogen and controls the macropore diameter.131,139 The
mesopore formation occurs by Ostwald ripening when monoliths are heated by soaking in a basic
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solution like ammonium hydroxide.172 The temperature of 120 °C causes the broadening in the
mesopore size distribution.131 Drying of monoliths is carried out slowly by heating monoliths
soaked in paraffin oil to 80 °C. This is done to avoid capillary pressure that builds up the stress
causing the cracking of silica monoliths.133 Finally monoliths were heated at a very high
temperature in furnace to burn all the organic components and yield a pure silica composition.
Monoliths need to be encased to be used as chromatographic columns. The cladding of
monoliths should be done by tightly wrapping the encasing material around the monolith mass
without leaving a space between the monolith bed and the wrapping material. Heat shrink PEEK
polymers can tightly encase the monoliths and are resistant to most of the solvents.
Unfortunately PEEK has lower mechanical strength and can’t handle pressure greater than 200
bars. Thus the monoliths were double cladded by encasing with heat shrink PTFE polymer as the
outer layer.11 The double cladded monolith had enough mechanical strength to handle pressure
and carry out the chromatographic separation at a faster flow rate.
The functionalization of monoliths is possible because of the presence of reactive silanol
groups. The functionalization was done to add amine and phenyl functionalities on the
monoliths. Amine and phenyl gradients were prepared using amine and phenyl silane solutions
as per the recipe mentioned in the experimental section. The CRI method was used to infuse
these silane solutions onto the monolithic columns.11 Pre-hydrolyzed solutions of amine and
phenyl silane condense with the surface silanol groups on monolithic columns leading to the
attachment of the functional group to the monolith surface. Because the amine group is basic, it
can act as a self-catalyst to enhance its hydrolysis and condensation forming a monolayer on the
monolith surface.5,240 Thus, the aminosilane solution doesn’t require any external catalyst to be
added and amine gradients can be formed with short infusion times and using faster infusion
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rates. 5,7-8,10-11,240 Phenylalkoxysilanes hydrolyze and condense slower, thus acid (HCl) and base
(NaOH) are sequentially added to the phenyl silane solution to increase the rate of hydrolysis and
condensation, respectively.8 Because of the slower kinetics, the infusion was done at a slow rate
increasing the overall time of infusion. To avoid the loss of loosely bound phenyl from the
monolith surface, the phenyl functionalized monolith was not rinsed with ethanol after infusion
but instead heated in an oven at 160 °C for 40 min to enhance its condensation.8
Single amine and phenyl gradients prepared by CRI have amine and phenyl groups
respectively on their surface along with unmodified reactive silanol groups. Single component
gradient have counter gradients in surface silanol groups. Similar to single component gradients,
multi-component gradients also have residual unreacted silanol groups.

Their surface

concentration at any given position along the gradient depends on the order of infusion as well as
the alignment of the individual gradients. Though the unreacted silanol groups are present on
multi-component gradient, their concentration will be comparatively less than on single gradient
columns.
5.4.2 Characterization of monoliths
Surface characterization of unmodified monoliths was carried out to determine the
morphological features of silica monoliths. The macropores and silica skeleton were observed
under SEM, Figure 5.1A. The macropores were found to be 1-1.5 µm in diameter. The
macropores were surrounded by dense silica network. The larger diameter ensures easy
percolation of mobile phase at a reduced pressure through the monolithic support.131
Figure 5.1B shows the adsorption-desorption isotherm for the unmodified silica monolith.
As expected the isotherm represents type IV curve similar to one mentioned in chapter 4. The
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hysteresis observed between adsorption and desorption curves is related with the filling and
emptying of adsorbed gas from mesopores.268 The mesopore size distribution was determined by
BJH desorption branch. As seen in Figure 5.1C the average mesopore diameter was found to be
13.35 ± 1.31 nm. Surface area and mesopore volume obtained by nitrogen adsorption–desorption
was found to be 281.95 ± 14.76 m2/g and 0.98 ± 0.095 cc/g respectively. All these values match
with that of commercial monoliths and hence it can be confirmed that the monoliths prepared by
the above method possess all features of commercial monolithic columns and can be used for
chromatographic separations.

Figure 5.1 A. SEM image of monolith showing the macropores and silica skeleton. B. The
adsorption desorption isotherm curve obtained by BET method. C. The mesopore size
distribution curve obtained from the BJH desorption branch.
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Functionalized monoliths were also characterized to determine the presence of
functionality gradients. The phenyl gradient was evaluated using diffuse reflectance
spectroscopy by the detailed procedure mentioned in the experimental section. Figure 5.2 shows
the representative spectra obtained from five different points on each single and multicomponent gradient monolithic column. The % reflectance showed minimum value at 264 nm
which indicated the highest absorbance at that wavelength. The % reflectance obtained at 264
nm was converted to K-M function using Kubelka-Munk equation. As can be seen some of the
spectra have negative KM values (particularly the Phenyl + Amine gradients) suggestive of
errors in background subtraction. Therefore the gradient profiles shown in Figure 5.3 should be
considered approximate particularly as it relates to the magnitude of the KM function.
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Figure 5.2 A representative diffuse reflectance spectra of single and multi-component
phenyl gradient monolithic columns. The spectra obtained are plots of K-M function
against the wavelengths. K-M’s are obtained from % reflectance using Kubelka-Munk
equation.

The K-M intensity was then plotted against the monolith distance. Figure 5.3 shows the
detail profile for phenyl single and multi-component gradients on two monoliths of each kind.
Diffuse reflectance spectroscopy is not a sensitive method. To obtain the sufficient quantity of a
sample for analysis and to get the appropriate signal, 5 cm long monolith was divided into 5
equal parts of 1 cm each. Data obtained from each part provided an average gradient intensity
over 1 cm length. Because of this averaging, the actual gradient profile may be slightly different
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than that shown. The disturbances in baseline of spectras as discussed above would have
introduced errors.
The phenyl profiles shown in Figure 5.3 below for single and multi-component phenyl
gradient are obtained from monoliths prepared from two different batches. All the phenyl
gradient profiles obtained from single and multi-component gradient columns in Figure 5.2 show
shallower gradient. For example, most of the gradients have intensity of ~ 0.25 (except single
phenyl which has intensity of ~ 0.5) at lower phenyl concentration end while the intensity
increases to ~ 1 for most of the gradients at high phenyl concentration end. The shallower
gradient indicates that the difference in phenyl concentration between two ends of the plate is
smaller. However, out of different single and multi-component gradients the differences in the
K–M intensity of A+P aligned and A+P opposed gradient monoliths are large indicating there is
some non-homogeneity in monolith preparation and modification, which could also affect the
reproducibility of the chromatographic results (see below). Factors such as variations in infusion
time for multi-component gradient monoliths, the reactivity of the phenylsilane and/or
accessibility of silanol groups, and possible changes in reflectivity because of the presence of
amine layer on phenyl surface might be responsible for the variations observed. More
experiments need to be done to fully characterize the profile shapes for single and multicomponent phenyl modified monoliths before drawing any conclusions.
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Figure 5.3 Phenyl gradient profiles on single and multi-component monolithic columns are
characterized by diffuse reflectance spectroscopy at 264 nm. The graphs are plotted as K-M
function against the distance. 0.5 cm indicates the end where the phenyl concentration is low
while 4.5 cm indicates the high phenyl end. Each point represents the average signal over a 1
cm length piece. The solid line and dotted line represents the characterization of two different
monoliths on two different days.

It was not possible to characterize the amine gradient present on single and multicomponent monolithic columns because the XPS was not working over a 5-6 months period.
However, in chapter 4, the amine coverage was determined on single amine gradient, uniform
amine and unmodified monoliths by XPS. The results obtained showed clear distinction between
amine intensity on gradient, uniform and unmodified columns.11 Though the multi-component
amine gradients were not characterized on monolithic columns, their profiles were analyzed on
multi-component gradient TLC plates in previous studies.8 The amine intensities were nearly
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constant for single and aligned amine gradients while both the opposed amine gradients showed
similar intensities.8 The amine gradients on monolithic column should also follow a similar trend
as both monolithic columns and TLC plates have reactive silanol groups on their surfaces and are
modified with minor changes in infusion method.
5.4.3 Stability of monolithic columns
The stability of chromatographic columns is important for the reproducible separation of
mixtures. Unstable columns would give variation in retention times, unresolved peaks with
severe fronting or tailing with larger than normal plate heights (H) and smaller efficiencies.
Evaluating the stability of the modified columns will also help confirm the covalent bonding
between the functionality and the silica surface. The loss of the functionality on flowing a mobile
phase through the column suggests the functionalities are physically adsorbed. It is possible that
bonded functionalities might be lost after continuous elution of mobile phase or due to corrosive
interactions with mobile phase solvents and mobile phase pH. Most of the columns have good
stability for thousands of runs however its multiple uses may cause bleeding of stationary phases.
All these factors strongly suggest that the stability check is must on LC columns, especially on
in-house prepared columns. In chapter 4, unmodified, amine gradient and uniform amine
columns were evaluated for their stabilities. Here the stability check on phenyl gradient columns
was done. Phenyl gradient columns were particularly evaluated for loss of phenyl functionality
from their surfaces by continuously passing a mobile phase and injecting a strong retaining
analyte and evaluating its retention.
The mobile phase consisting of acetonitrile: 20 mM ammonium formate (pH 3.02) 40: 60
v/v was passed through a phenyl gradient column continuously for 24 hrs and naphthalene (40
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µg/ mL) was injected every 30 minutes at a flow rate of 0.3 mL/min. Figure 5.4 shows an
overlay of all 48 chromatograms of naphthalene. Similar to that reported in chapter 4, the
retention time (101.43 ± 1.04 sec) and peak widths (226.90 ± 7.43 sec) of all 48 chromatograms
obtained were calculated using MCR-ALS and statistical moments. As seen in Figure 5.4, the
retention times are similar but the intensity of the peaks varies. The variation in peak intensities
might be because of the variations in injection volume. During the entire course of the
experiment, the injection volume was kept constant at 5 µL, but it appeared that after certain
number of injections, the syringe wasn’t able to draw an accurate volume from the vials. This
might be due to the blockage of the syringe by the tiny plastic particles that are generated when
the needle pierces the vial cap. Efforts were made to find the exact cause but at this moment it is
difficult to confirm the cause.

Figure 5.4 Stability check done by plotting 48 overlaid chromatograms of naphthalene (40 µg/
mL) on single phenyl gradient monolithic column using acetonitrile: 20 mM ammonium formate
(pH 3.02) 40: 60 v/v mobile phase at 0.3 mL/ min flow rate for a period of 24 hrs.
5.4.4 Compounds for analysis
The intent of this study was to uncover possible mixed-mode and synergistic effects
occurring in multi-component gradient columns prepared using amine and phenyl alkoxysilanes.
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The compounds chosen in this study were benzoic acid (BA), 3-aminobenzoic acid (3-ABA),
benzene (BEZ) and naphthalene (NAP).
As seen in chapter 4, BA and 3-ABA shows good retention on an amine column. The
aromatic compounds like BEZ and NAP were chosen as they would show good retention on
phenyl column.269 All the four compounds were analyzed on both amine and phenyl single and
multi-component gradient columns and their retention times were measured and compared.
Figure 5.5 below shows the structure and pKa’s of the 4 compounds.

Figure 5.5 Structures of the 4 compounds used to evaluate retention on amine and phenyl single
and multi-component gradients along with their pKa’s.242,270
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5.4.5 Chromatographic studies
5.4.5.1 Mixed mode and synergistic effects in LC
Mixed mode effects can be produced unintentionally as well as intentionally. Residual
silanol groups present on stationary phases can interact with basic compounds and increase their
retention along with the main retention mechanism.271 Recently many reversed phase stationary
phases were intentionally synthesized such that their matrices consist of either ion exchange
groups or polar groups.263,272 These produce two different kind of interactions with solutes,
retaining them longer. Mixed mode effects are also capable of producing synergistic behavior.
Synergistic effects are produced by columns whose stationary phases have been modified by two
or more chemical functionalities that cause increase in retention time/ retention factor. The
retention time/ retention factor produced by a synergistic effect is higher in magnitude than that
obtained on stationary phases modified by single components or by the addition of the effect on
each single component used for preparation of multi-component stationary phases.264 It is also
important that the synergistic effects are clearly recognized and not affected by mobile phase
flow rate and column degeneration that may change the retention and selectivities of
compounds.267
Experiments to determine synergistic effects in liquid and gas chromatography have been
done in past. Not all researchers have used the exact amount of modifying agent on single and
multi-component stationary phases. Yuan et al.264 have prepared 13 different columns using two
different components and their ratios have been 1:1, 1:2 and 2:1. Xiao et al.266 prepared two
single component columns containing 20% ethylhexylresorcarene and 0.2% w/v heptakis (2,6-diO-pentyl-3-O-trifluoroacetyl)-B-CD while the multi-component column contained both these
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components in mass ratio 2:3 to make their mole ratio 1:1. Hoffmann et al.265 prepared five
zwitterionic chiral stationary phases from quinine and quinidine alkaloid moiety and these
stationary phases had loadings of chiral stationary phase molecules from 196-229 µmol/g.
Synergistic effects were measured using relative retention by Yuan and Xiao while Hoffman
focused on differences between selectivity and resolution.264-266
Here, the retention for two solutes (BA and NAP) was found to increase on some of the
multi-component gradient columns using amine and phenyl functionality. BA is capable of
interacting with amine and phenyl differently displaying both mixed mode and possible
synergistic behavior. It could also be retained longer under both HILIC and RP modes of elution.
The details about the interactions of the solutes with single and multi-component gradient
stationary phases under HILIC and RP mode is described in the sections below. To concentrate
totally on the effects produced by the stationary phases, all other factors including mobile phase
composition, flow rate, column temperature, etc. were kept constant for each mode of elution. In
this work, experiments were done to obtain chromatograms and retention factors under different
modes and the conclusions were drawn based on these results.
5.4.5.2 Chromatograms for all 4 compounds on single and multi-component gradient columns
on HILIC mode
Figure 5.6 shows the chromatograms for all 4 compounds on amine and phenyl single,
multi-component gradients and columns connected in series. Though the separation was carried
out individually, in Figure 5.6 the chromatograms for all 4 compounds are shown in one plot.
Except on the single phenyl column where the compounds are not retained under HILIC mode,
all peak shapes are distorted and suffer either fronting or tailing. Peak shapes also worsen as

132

retention increases (A+P opposed column). Reasons for this distortion are described in more
detail below.
BA and 3-ABA showed good retention on single amine gradient and on those multicomponent gradient columns where amine was infused before phenyl. Infusion of amine on
unmodified silica substrate will allow it to interact with maximum number of free silanol groups
maximizing its concentration on the surface. This mightn’t be true when phenyl is infused before
the amine, as amine can bond only with those free silanols that have not reacted with phenyl.
Under HILIC conditions, retention of BA and 3-ABA was due to hydrogen bonding and weak
anionic exchange interactions with amine stationary phases.11,231 The retention of BA was higher
on A+P aligned and A+P opposed gradients than on single amine gradient while 3-ABA
retention decreased. Phenyl can also interact with BA through π-π interactions increasing its
overall retention. A+P multi-component gradients were believed to have greater quantities of
amine and phenyl functionalities on their surfaces than P+A multi-component gradients.8 An
increase in amine coverage was because of its infusion on unmodified silica monolith and
increase in phenyl coverage was because of the surface catalytic activity of amine groups. 8
Higher quantity of functionalities would have helped in more retention on A+P multi-component
gradient column than on P+A multi-component gradient columns. The retention for BA and 3ABA was also found to increase on amine-phenyl columns when connected in series. BEZ and
NAP showed no retention on any of the columns under HILIC conditions. BEZ and NAP have
one and two aromatic rings respectively giving them strong hydrophobic character and under
HILIC conditions where organic solvent has higher composition in mobile phase, they are eluted
from the column without considerable retention.
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Figure 5.6 A representative chromatogram for all 4 compounds BA, 3-ABA, BEZ and NAP on
single (A & P), multi-component (A+P aligned, P+A aligned, A+P opposed, P+A opposed)
gradient columns and A+P series under HILIC conditions. The inset shows the magnified images
of the peaks which are difficult to observe in the original chromatogram. All columns are scaled
to 6 cm length.
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5.4.5.3 Retention factor of compounds for HILIC mode
The retention factors for BA, 3-ABA and BEZ, NAP are shown in two different plots
under HILIC mode of separation in Figure 5.7. The retention time (tR) for all 4 compounds and
the dead time (tO) for all single and multi-component gradient columns were calculated using
first statistical moment. Toluene was used as a dead time marker but the actual dead time for
each individual run was calculated from the solute eluting out first. The retention factor (k) was
then computed using the formula k= (tR-tO)/tO. Retention factors obtained for all 4 solutes are
shown in Table 5.1 below. Retention factors were plotted separately for BA, 3-ABA and BEZ,
NAP because there was a huge difference in the retention of these two groups of compounds.
Under HILIC mode, BA and 3-ABA showed significant retention while BEZ and NAP were
eluted without any retention. Amine and phenyl interacts with BA by two different mechanisms
and hence this increases its overall retention. The increase in retention of solute by two or more
mechanisms indicates the presence of mixed-mode effect.263 The retention factor of BA on A+P
aligned and A+P opposed gradients is higher than on single amine and phenyl gradients and
amine-phenyl columns connected in series. This clearly suggests that the increase in retention is
observed only when two functionalities are deposited on a single column but not separately on
two different columns. It also supports our hypothesis that retention of BA on multi-component
A+P aligned and A+P opposed columns is by a mixed-mode effect. It is very difficult to
comment if the observed phenomenon shows synergistic effect as the coverage of amine and
phenyl functionality on single and multi-component stationary phases was not determined. The
average retention of 3-ABA may appear higher on single amine and on A+P series column but
when the standard deviations are taken into consideration, its retention is similar on all other
columns except P+A aligned and P+A opposed columns.
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Table 5.1 Retention factors and standard deviation for all compounds under HILIC mode.
BA
Columns
Only amine
Only Phenyl
A+P aligned
P+A aligned
A+P
opposed
P+A
opposed
A+P series

3ABA

k
1.27
0.10
2.23
0.59

std. dev k
0.33
0.09
0.11
0.28

3.16
0.52
1.36

BEZ

1.61
0.07
1.31
0.41

std. dev K
0.36
0.08
0.23
0.20

1.25

1.48

0.21
0.40

0.30
1.69

NAP
0.02
0.03
0.03
0.02

std. dev K
0.01
0.01
0.03
0.02

0.02
0.02
0.05
0.03

std. dev
0.01
0.01
0.04
0.02

0.58

0.03

0.02

0.07

0.03

0.11
0.40

0.03
0.04

0.01
0.02

0.06
0.04

0.01
0.01

BA: benzoic acid; 3ABA: 3-aminobenzoicacid; BEZ: benzene; NAP: naphthalene
k: retention factor; std. dev.: standard deviations (N=3)
BEZ and NAP as expected under HILIC conditions are unretained on all the columns,
which can be clearly observed from their retention factors. Though, the average retention for
NAP and BEZ appears greater on A+P opposed multi-component gradient and amine-phenyl
columns connected in series respectively, the retentions are nearly similar on all the columns
when the standard errors are taken into considerations. Since both BEZ and NAP are non-polar
aromatic compounds, both show greater retention on the single phenyl stationary phase than on
the single amine stationary phase.
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Figure 5.7 Retention factors for BA, 3-ABA and BEZ, NAP under HILIC mode of
separation. BA and 3-ABA could show significant retention while BEZ and NAP couldn’t
and hence the retention factor scales are different for two plots. The data represents the
retention factor values measured in duplicates on 3 columns each of amine and phenyl
single and multi-component gradients and also amine and phenyl single gradients
connected in series.

Table 5.2 below shows the selectivities of BA and NAP on all the columns under HILIC
mode. The selectivities (α) were calculated by using formula (

) where k2 is retention

factor of higher retaining solute and k1 is retention factor of weaker retaining solute. The
selectivities were obtained here by the ratio of retention factor of BA and NAP to 3-ABA, which
showed weaker retention. Standard deviations were calculated by propagation of errors. For BA,
the selectivity value obtained on A+P aligned (1.70) and A+P opposed columns (2.14) is lower
than the sum of the selectivities of single amine and phenyl gradient stationary phases
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(selectivity of single amine + single phenyl: 2.22). This is also true for NAP, which has smaller
selectivity values on P+A aligned (0.07) and P+A opposed (0.20) multi-component gradients
than sum of the amine and phenyl single gradient stationary phases (0.30). As can be seen
standard deviations associated with selectivity are very large which precludes an accurate
assessment. Also the literature doesn’t describe if selectivity or relative retention is able to
correct for differences in the stationary phase loading between two columns or single and multicomponent gradient stationary phases. The total amount of functionality on the stationary phases
has not been measured.
Table 5.2 Selectivity (α) values for benzoic acid (BA) and napthalene (NAP)
with respect to benzene (BEZ) under HILIC conditions.
Columns
only A
only P
A+P alig
P+A alig
A+P opp
P+A opp
A+P
series

Std.
αNAP/3Std.
αBA/3-ABA dev.
dev.
ABA
0.79
0.27
0.01
0.01
1.43
2.08
0.29
0.36
1.70
0.31
0.04
0.03
1.44
0.98
0.07
0.06
2.14
1.19
0.05
0.03
1.73
0.95
0.20
0.08
0.80

0.30

0.02

0.01

BA: benzoic acid; BEZ: benzene; NAP: naphthalene; α: selectivity factor
5.4.5.4 Chromatograms for all 4 compounds on single and multi-component gradient columns
in RP mode
Similar to HILIC, chromatograms for all the 4 compounds were also obtained under RP
conditions. Figure 5.8 shows the chromatograms under RP mode obtained on single and multicomponent gradient columns and on the A+P series column. Peak shapes in the RP mode are not
ideal as well and show both fronting and tailing. NAP, which is retained the most on the column
in RP mode has a peak shape that doesn’t touch the baseline and indicates sudden shut down of
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chromatographic run or the mobile phase flow. The effects become more prominent as they are
processed by MCR-ALS. In the RP mode, the mobile phase composition was acetonitrile: 20
mM ammonium formate buffer in 40:60 v/v (pH 3.02). The higher composition of aqueous
buffer in the mobile phase results in a faster elution of polar analytes like BA and 3-ABA that
were retained under HILIC conditions. Similar to that observed on HILIC mode, BEZ and NAP
were not retained on the amine column but could strongly interact with more hydrophobic
stationary phases like phenyl and were well retained.
NAP showed highest retention under reversed phase conditions irrespective of the
columns used for separations as long as it contained phenyl. NAP being most hydrophobic
compound in the mixture could interact strongly with phenyl stationary phases by π-π
interactions but it also showed good retention on amine-phenyl multi-component gradient
stationary phases and A+P series. BA which showed good retention under HILIC conditions was
also retained under RP conditions as it could interact by π-π interaction with phenyl and through
hydrogen bonding and anionic exchange interaction with amine. Retention of BEZ was higher on
phenyl and P+A aligned and P+A opposed column than on A+P aligned and A+P opposed
columns. 3-ABA was retained least on most of the columns. Similar to the HILIC mode of
separation, in RP the average retention values on A+P multi-component gradients was greater
than on P+A multi-component gradients. This again indicates the presence of greater amount of
amine and phenyl functionalities on A+P multi-component gradient columns. However for BEZ
and NAP with consideration of standard errors, there were no differences in retentions on all the
gradient columns.
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Figure 5.8 A representative chromatogram for all 4 compounds BA, 3-ABA, BEZ and NAP on
single (A & P), multi-component (A+P aligned, P+A aligned, A+P opposed, P+A opposed)
gradient columns and A+P series under RP conditions. The inset shows the magnified images of
the peaks which are difficult to observe in the original chromatogram.
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5.4.5.5 Retention factor of compounds for RP mode
Similar to that of HILIC, Table 5.3 below shows retention factors (k) for all the 4
compounds under RP mode and the Figure 5.9 shows a plot of these values for amine-phenyl
single, multi- component gradient columns and for columns connected in series
Table 5.3 Retention factors and standard deviation for all compounds under RP mode.

Columns
Only amine
Only Phenyl
A+P aligned
P+A aligned
A+P
opposed
P+A
opposed
A+P series

BA
k

3ABA
BEZ
NAP
k
std. dev K
std. dev K
std. dev
0.21
0.03
0.15
0.04
0.35
0.07
0.12
0.02
0.56
0.09
1.16
0.22
0.56
0.03
0.76
0.23
1.95
0.49
0.23
0.06
0.46
0.17
0.86
0.37

0.35
0.38
2.42
0.77

std. dev
0.04
0.06
0.23
0.18

3.33

1.37

0.69

0.29

0.86

0.03

2.21

0.11

0.68
0.54

0.37
0.17

0.17
0.22

0.05
0.07

0.66
0.50

0.13
0.33

1.51
1.07

0.31
0.68

BA: benzoic acid; 3ABA: 3-aminobenzoicacid; BEZ: benzene; NAP: naphthalene
k: retention factor; std. dev.: standard deviations (N=3)
Maximum retention was obtained for BA and NAP similar to that in HILIC mode. Both
these compounds show higher retention particularly on A+P aligned and A+P opposed multicomponent gradient columns. Though it is clear that BA can interact with both amine and
phenyl, the interaction of amine with NAP is not understood. The retention factor plot below also
shows the NAP is retained longer than BEZ on single amine stationary phase column. The
possibilities could be the van der Waal’s interaction or the hydrophobic nature of NAP allows it
to stay in the stationary phase than to elute by moving into the aqueous rich mobile phase.
Though NAP is more hydrophobic, retention factors for BA are higher even under RP
conditions. The higher retention factors are the result of mixed-mode effects produced by amine
and phenyl functionality. BEZ has one aromatic ring like BA and is less hydrophobic than NAP.
141

On the other hand, the absence of a carboxylic group makes it less hydrophilic than BA and
doesn’t allow for hydrogen bonding. The retention range for BEZ is similar on all columns
except that on amine. 3-ABA also exhibits higher retention on A+P aligned and A+P opposed
gradients than on other columns. 3-ABA is more hydrophilic and can interact with amine but not
with phenyl. Also the higher composition of aqueous buffer causes its faster elution showing
smaller retention factors than other solutes.

Figure 5.9 Retention factors for BA, 3-ABA and BEZ, NAP under RP mode of separation.
BA and NAP show significant retention while BEZ and 3-ABA don’t. The retention factor
scales are different for the two plots. The data represents the retention factor values
measured in duplicates on 3 columns each of amine and phenyl single and multi-component
gradients and also amine and phenyl single gradients connected in series.
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The selectivity values are also calculated for BA and NAP for RP mode. Here, the
selectivity was obtained by dividing the ratio of retention factor of BA and NAP with the
retention factor of 3-ABA, which retains least in RP mode. The selectivity values for BA are
higher on all multi-component gradient stationary phases (A+P aligned: 4.32; A+P opposed:
4.83; P+A aligned: 3.35 and P+A opposed: 4.00) than on individual amine (1.67) and phenyl
(3.17) stationary phase but smaller when the sum of the amine and phenyl single gradient
selectivity values (4.84) is considered. However, the NAP values are smaller on all multicomponent gradient stationary phases (A+P aligned: 3.48; A+P opposed: 3.20; P+A aligned:
3.74 and P+A opposed: 8.88) than on phenyl single gradient stationary phase (9.67). Thus no
synergistic effect is observed on both BA and NAP. But, as mentioned earlier, the standard errors
are fairly high on these values. Also the amount of stationary phase on single and multiple
component gradient columns is not known.

Table 5.4 Selectivity (α) values for benzoic acid (BA) and naphthalene (NAP)
with respect to 3-aminobenzoic acid (3-ABA).
Columns
only A
only P
A+P alig
P+A alig
A+P opp
P+A opp
A+P
series

Std.
αNAP/3Std.
αBA/3-ABA dev.
dev.
ABA
1.67
0.30
1.67
0.41
3.17
0.73
9.67
2.44
4.32
0.47
3.48
0.89
3.35
1.17
3.74
1.88
4.83
2.84
3.20
1.36
4.00
2.47
8.88
3.19
2.45

1.10

4.86

3.46

BA: benzoic acid; 3ABA: 3-aminobenzoic acid; NAP: naphthalene; α: selectivity factor
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5.4.5.6 Issues with chromatography
The major concerns associated with the data shown in Figures 5.6 and 5.8 were the size
and width of the peaks. The standard deviation values shown in retention factor plots (Figures
5.7 and 5.9) were large. Thus, efforts were made to study the causes leading to the distortion of
peak shapes and widths with the higher retaining solutes under both HILIC and RP conditions.
One representative chromatogram from each of 3 different columns of single and multicomponent gradients used to study the retention of BA and NAP were plotted as shown in Figure
5.10 and 5.11 respectively. BA chromatograms in Figure 5.10 are under HILIC conditions while
NAP chromatograms in Figure 5.11 are under RP conditions. In Figure 5.10 except on the phenyl
column, all the 3 BA chromatograms showed different retention times and peak widths. BA
wasn’t retained on the phenyl column under HILIC mode and did not interact with the stationary
phase. Hence, all 3 chromatograms were nearly the same. Multi-component gradient columns
like A+P aligned and A+P opposed where BA shows maximum retention, the peaks are broad
and distorted. Figure 5.11 shows the naphthalene chromatograms obtained from all the different
columns, which also exhibit variations in retention times and peak widths. Similar to that
observed for BA, NAP chromatograms coincide with each other only for the single amine
gradient where no retention is observed. However, for all other columns, the broadness and
distortion in peak shapes is clearly visible.
There are two major reasons that result in the broadening of the peaks and distortion of
their shapes. Preparation of monolithic columns is a tricky in that it involves a number of
different parameters. A slight change to any of the parameters can cause variations in pore
diameters of monoliths. This affects the flow of mobile phase, back pressure, porosity and phase
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volume reducing the retention. Cladding of monoliths is also challenging. Imperfections in
cladding may lead to the formation of a gap between the monolith bed and cladding material
causing mobile phase streams to flow through the gap.
The process associated with the modification of the monolithic columns can also produce
cracks in the monolithic bed and lead to non-ideal chromatography. The CRI process, which was
used in this work to prepare amine and phenyl gradients on monoliths, involves infusing the
modifying solution through connecting tubes. The PEEK tubes attached to the column during
modification or passing of mobile phase can penetrate into the monolithic bed causing crumbling
of monolith at the edges. Multi-component gradient columns are more challenging to work with
because infusion had to be done twice, once for each functional group. Repetitive handling of
the fragile monolithic columns can lead to microscopic cracks and thus non-optimal peak shapes.
Also, monoliths are fragile in nature and when they are fitted with ferrules and fittings to LC
instrument there is a high possibility of a crack formation via handling. Small cracks, voids will
form channels that causes fronting or tailing of peaks, which was observed in this work.
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Figure 5.10 BA chromatograms on the single and multi-component gradient columns and the
A+P series under HILIC conditions. The data represents the difference in retention times and peak
widths of 3 peaks obtained from 3 different columns on different days. The inset shows the
magnified images of the peaks which are difficult to observe in the original chromatogram.
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Figure 5.11 NAP chromatograms on single and multi-component gradient columns and the A+P
series under RP conditions. The data represents the difference in retention times and peak widths
of 3 peaks obtained from 3 different columns on different days. The inset shows the magnified
images of the peaks which are difficult to observe in the original chromatogram.
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5.5 Summary
In chapter 4, the successful preparation of single gradients on monolithic columns and its
effect on the selectivity has been demonstrated. Here we have successfully prepared multicomponent gradients on monolithic columns using two different functionalities: amine and
phenyl. Similar to multi-component gradients prepared on TLC plates discussed in chapter 2,8
the multi-component gradients were prepared using CRI. The difference between the two was the
use of a more powerful LC pump to infuse the silane solutions into the monolithic columns.
Since the infusion rate and infusion time determine the shape of the gradient, their careful tuning
based on the reactivity of amine and phenyl silane was done. Amine, because it is a self-catalyst
and has a higher reactivity, was infused at a faster rate than that of phenyl. Phenyl on the other
hand has a slower reactivity and thus was infused at a slower rate. The presence of phenyl and its
gradient profile was determined on the different columns using diffuse reflectance spectroscopy.
4 different compounds like BA, 3-ABA, BEZ and NAP were used as analytes to perform
chromatography on all single and multi-component gradient columns. The retention time and
selectivity values of each individual compound were checked and a comparison was done
between that obtained on single and multi-component gradient columns. Retention time and
selectivity values obtained on gradient columns were also compared to the amine and phenyl
single gradient columns connected in series. This study was done under HILIC and RP mode. It
was clearly observed that the highest retention for some of the compounds was achieved on the
multi-component gradient columns, particularly on A+P aligned and A+P opposed gradient
columns. BA showed a mixed mode effect under both HILIC and RP mode because of two
different retention mechanisms on amine and phenyl. NAP also showed increased retention on
A+P aligned and A+P opposed columns under RP mode but it was difficult to conclude if the
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increase in retention was due to a mixed mode effect. This was because its retention mechanism
on amine stationary phase was not clear and the retention would have been possible only because
of its hydrophobic nature. Though the selectivity values for BA were calculated to be higher on
multi-component gradients than the selectivity obtained by addition of each single gradients, it
was difficult to confirm or deny the presence of synergistic effects. To ensure the presence of
synergistic effects, the relative retention using suitable internal standard must be considered.
Also the standard deviations need to be reduced.The future studies will take care of this
parameter.
We faced several issues in carrying out these experiments. Reproducibility of monolithic
column fabrication, particularly with the cladding procedures, was a major concern. Monoliths
are fragile and have to be handled carefully during preparation and modification. Beside these,
efforts were made to check the functioning of LC instrument used for the analysis. Looking at
the chromatograms and the differences in peak intensities produced after using the same
concentration of solutes, it was concluded that the injector system of the instrument was faulty.
Other parts of the instrument were also examined for sources of problems, but all were found to
be totally functional. In future, we would aim at fixing all the issues related with the monolithic
column preparation, reproducibility and cladding procedure and would carry the analysis on
defect free LC or totally new LC to prove our hypothesis and confirm the results shown in this
chapter.
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Chapter 6
Fabrication and Stability of Amine, Phenyl and Thiol Linear and Radial Gradients on
Water Color Paper

6.1 Abstract
Surface chemical gradients have found applications in chromatographic separations,
microfluidic devices and in biosensors.273 Various substrates such as silica, glass, polymers and
metals like gold, silver, etc have been used for preparation of gradient surfaces.2-3,32,274 The focus
of the present chapter is on the preparation and characterization of surface chemical gradients on
cellulose, specifically water color paper using amine, phenyl and thiol alkoxysilanes. Both radial
and linear gradients have been prepared using the controlled rate infusion method described in
the preceding chapters. The silane sols were prepared such that its silanol groups were
hydrolyzed and could potentially react with the hydroxyl groups on cellulose, silica coated
cellulose, as well as to each other. Amine and thiol gradients were characterized by uv-visible
spectroscopy using ninhydrin and Ellman’s reagents, respectively while diffuse reflectance
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spectroscopy was used for characterizing phenyl gradients. SEM images were also obtained to
see the changes in the paper morphology due to the infiltration of the different silanes. The
stability of the concentration gradient on the cellulose surface was analyzed by exposing the
gradient cellulose surface to polar and non-polar solvents. In this chapter, details about the
preparation of linear and radial gradients on cellulose paper, their characterization and their
stability upon exposure to polar and non polar solvents when prepared using different conditions
will be discussed.
6.2 Introduction
Cellulose, which is the main constituent of paper, is a naturally occurring organic
polysaccharide consisting of thousands of β (1-4) linked D-glucose units.274 Cellulose is
commonly found in the cell wall of green plants, algae and is even synthesized by some
bacteria.275 The use of cellulose is gaining importance in analytical chemistry because of several
advantages: (1) It has light weight; (2) Since cellulose is a saccharide it has plenty of hydroxyl
groups all over its surface which can be functionalized. (3) It is renewable and biodegradable in
nature. (4) The cellulose provides a non-abrasive surface and flexibility. (5) Since it is naturally
abundant material, it is cheap and readily available.276-278
Like silica, paper is a commonly used material that has found applications in the fields of
chemical separations and chemical sensing. Cellulose, for example, is a common adsorbent used
in the preparation of stationary phases for thin layer chromatography (TLC).279-281 Paper
chromatography is considered as an alternate technique to silica thin layer chromatography and
has been used for wide range of applications.282-284 Paper analytical devices (PAD’s), which have
been developed over last decade, are used in preparation of biosensors to detect analytes of

151

biological and chemical nature.285-286 For example, PAD’s have been developed to
colorimetrically detect heavy metals like Fe, Cu, Ni, etc and food borne pathogens like E. coli,
S. Typhimurium and L. monocytogenes.286-287 PAD’s are used to construct biosensors that are
able to analyze biological constituents and fluids in human bodies like glucose, blood, urine, etc
and to diagnose the disease.288-292 Paper based electrochemical devices were used to detect the
presence of glucose in human blood288 and in selective determination of dopamine from serum
sample.289 Simple origami skills used to construct PAD devices have helped in the detection of
adenosine using an aptamer.290 PAD’s were also used for immunoassays and bioassays.291-292
Paper used in chromatography and PAD’s should possess properties to interact and sense
solutes of interest. Chemical modification of cellulose can help in adhesion of different
functional groups over its surface. Besides this, its surface can be made more hydrophobic by
deposition of inorganic fillers.293 Transportation of liquids on paper is possible by capillary
action without use of any external power. High surface area to volume ratio and ability to store
reagents in its fibrous network are the other advantages paper can offer.285,287 This allows paper
to be one of the ideal substrate for use in separations and sensing. Though this is true, the
formation of organosilane gradients on cellulose surface is not easy. This is primarily because
the cellulose surface is relatively less reactive than other surfaces and the cellulose-O-Si bond
can be reversibly hydrolyzed which can lead to bleeding of organosilane layers from the silica
surface.294 Thus it is necessary to evaluate the stability of the organosilane gradients on cellulose
surface along with the presence of functionality gradient.
This chapter focuses on preparation of chemical gradients on cellulose paper, specifically
water color paper, using amine, phenyl and thiol alkoxysilanes. Amino silane is commonly
available and the amine functional group acts as a surface catalyst to speed up hydrolysis and
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condensation reactions.5-11 Amine groups can be further chemically modified to form esters and
amides.295 Thiols on other hand have very good affinity for gold and silver and hence these
metals can be deposited on thiol modified substrates.296 Both amine and thiol silanes can form
monolayers on substrates.297-298 In this work radial and linear gradients were prepared using
controlled rate infusion (CRI) method. In CRI, a syringe pump infuses the pre-hydrolyzed silane
solution into a vial housing the vertically aligned cellulose substrate at a definite rate for a
definite period of time.5,7-9 On the cellulose surface, the hydrolyzed silane molecules will be
initially adsorbed and then slowly condensed to give covalent bonding on heating the substrate.
Amine and thiol gradients were characterized by colorimetric techniques using ninhydrin and
Ellman’s dye respectively while diffuse reflectance spectroscopy was used for characterizing
phenyl gradient. SEM images were obtained to see the effects of silanes on paper morphology.
Since the silane gradients are not very stable on cellulose surface, efforts were made to optimize
the gradient preparation method by either heating, air drying or by formation of
tetramethoxysilane (TMOS) base layer that would produce stable gradients.
6.3 Experimental
6.3.1 Reagents
The water color paper used was obtained from Strathmore. 3-aminopropyltriethoxy silane
(APTES, 98%), phenyltrimethoxy silane (PTMOS, 97%), 3-mercaptopropyltrimethoxy silane
(MPTMS, 95%) and tetramethoxysilane (TMOS) were purchased from Alfa Aesar. Ninhydrin
and Ellman’s reagent were purchased from Sigma Aldrich.
6.3.2 Preparation of linear and radial gradients

153

Both linear and radial gradients were prepared on cellulose substrates using the CRI
method as shown in Figure 6.1. For linear gradients, the Strathmore water color paper of
dimension 8 cm x 1.8 cm was cut. The paper was rinsed with ethanol to remove all the impurities
on its surface and was then allowed to air dry thoroughly. The paper was then placed vertically in
a graduated cylinder and using CRI, the pre hydrolyzed silane solution was infused in the
reaction cylinder from the bottom as shown in Figure 6.1A. The recipe for the aminosilane
solution was ethanol: APTES: distilled water (20: 1: 0.2 v/v/v); for phenyl it was ethanol:
PTMOS: 0.01 M HCl and 0.02 M NaOH (20: 1: 0.5: 0.5 v/v/v/v) and for thiol it was ethanol:
MPTMS: 0.01 M HCl and 0.02 M NaOH (20: 0.1: 0.05: 0.05 v/v/v/v). For phenyl and thiol
solutions, initially ethanol, phenyl silane/ thiol silane and 0.01 M HCl was mixed together and
then stirred vigorously for 15 min on a magnetic stirrer. Then 0.02 M NaOH was added and the
solution stirred further for 15 more minutes. The infusion rate was 2.375 mL/ min for amine and
phenyl while it was 4.75 mL/ min for thiol sol which gave the infusion time of 8 min for amine
and phenyl and 4 min for thiol. The infusion was stopped when the silane solution was ~ 0.5 cm
from the top edge of the paper. The paper was pulled out of the graduated cylinder, thoroughly
rinsed with ethanol and allowed to air dry. After air drying, the paper was put in an oven at 110
°C for 10 min to enhance the condensation of the silanes with the surface hydroxyl groups on the
cellulose.
For radial gradients, the Strathmore water color paper was cut into small squares of 4.5
cm x 4.5 cm for the amine and thiol modified paper and 7.5 cm x 7.5 cm for the phenyl modified
paper. The paper was placed on a flat wooden support and all its edges were clipped securely to
the wooden support using binder clips as shown in Figure 6.1B. The amine, phenyl and thiol
silane solutions were prepared similar to that for the linear gradients. The infusion was carried
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out at two different rates for radial gradients for all the three silane solutions. The slower
infusion rate was 0.05 mL/ min while the faster infusion rate was 0.25 mL/ min. The CRI
assembly was arranged in such a way that the distance between syringe tube and water color
paper was ~ 0.2 cm. The syringe tube was suspended over the water color paper in such a way
that it lies exactly at the center of the square shaped paper. When the infusion started, the silane
solution touched the paper and subsequently wicked from the center to the edges of the paper.
Once the silane solution reached the edges of the paper, the infusion was immediately stopped
and the paper was thoroughly rinsed with ethanol and air dried. Finally it was placed in oven and
heated at 110 °C for 10 min and then allowed to cool down to room temperature.

Figure 6.1 The use of controlled rate infusion (CRI) for the preparation of A. Linear gradient
and B. radial gradient on cellulose substrates. For preparation of the linear gradient, the
infusion was done on the vertically held paper in graduated cylinder while for the radial
gradient the infusion was done directly on the center of a cellulose substrate that is laid flat on
the wooden support and clipped at the edges.
6.3.3 Characterization of linear and radial gradients
Both linear and radial gradients were characterized using simple spectroscopic
techniques. Amine and thiol could produce a colored product upon reacting with dyes, which
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could then be analyzed in the visible region by UV visible spectroscopy while phenyl was
detected directly by diffuse reflectance spectroscopy.
The linear gradient modified paper was cut into 10 equal pieces of 0.8 cm x 1.8 cm
dimensions. Amine gradient detection on the paper was done by further cutting each rectangular
piece into smaller pieces. The pieces were added to a centrifuge tube which was filled with 1.5
mL of 0.2% ninhydrin solution and centrifuged exactly for 1 hr at 12,000 rcf (relative centrifugal
force). Ninhydrin reacted with primary amines on the surface of paper to form a Ruhemann
purple as product giving purple color to the solution (Scheme 6.1 A).299 The tiny pieces of paper
settled to the bottom of the centrifuge tube while the purple colored supernatant solution was
collected and used for the colorimetric analysis. All the samples were analyzed at 583 nm and
their absorbance was recorded. The same procedure was followed for thiol but ninhydrin dye
was replaced with Ellman’s reagent. Ellman’s dye reacts with sulfhydryl gradient on paper to
form a yellow colored product which can be detected by colorimetric method at 410 nm (Scheme
6.1 B).300 For both amine and thiol, the absorbance of the supernatant obtained from visible
spectroscopy was corrected by normalizing for size of the paper by measuring the mass of each
piece. Notably, the paper pieces were colored after reacting with both ninhydrin and Ellman’s
reagent indicating the presence of product on the paper, and its inability to go completely in the
supernatant solution. For the detection of linear gradient on phenyl modified paper, 1.5 cm x 1.5
cm pieces were cut from the paper to be analyzed directly by diffuse reflectance spectroscopy at
260 nm.
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Scheme 6.1 A. Ninhydrin reaction for detection of primary amines, where ninhydrin reacts
with primary amine to produce ruhemann purple which imparts a purple color to the
solution. 37 B. Ellmans reaction for detection of thiols, where DTNB reacts with sulfhydryl
group forming TNB2- anion which imparts a yellow color to the solution.38

For the radial gradients, the square-shaped water color paper was used and the lane
passing through the center of the square connecting any of its two sides was chosen. This lane
was divided into 5 pieces of equal dimensions as shown in Figure 6.2 below. For detection of
amine and thiol the chopped piece of paper had dimensions 0.9 cm x 0.3 cm while for phenyl the
dimensions were 1.5 cm x 2 cm. The detection methods were similar to that of the linear
gradients described in the preceding paragraphs.
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Figure 6.2 Characterization of radial gradient is done by chopping the paper along
the lane passing through the center of the square into 5 pieces (Analysis done at
center, 0 cm and 1.5 and 3 cm on either side for 7.5 cm x 7.5 cm square and at center,
0 cm and 0.9 cm and 1.8 cm on either side for 4.5 cm x 4.5 cm square). Phenyl radial
gradient paper was chopped into 5 pieces of dimensions 1.5 cm x 2 cm each while
amine/ thiol radial gradient paper was chopped into 5 pieces of dimensions 0.9 cm x
0.3 cm each.

6.3.4 Stability of gradients on cellulose plates
The stability studies for amine, phenyl and thiol were carried out on linear gradients but
not on radial gradients. The goal of the stability studies were to check the bonding strength of
organosilane gradients on cellulose surface and to optimize the preparation process that would
prevent striping of gradient layers. The preparation conditions were varied for all the three
organosilane gradients to obtain a best gradient that sticks firmly to the surface and doesn’t
comes off even on exposure to polar (ethanol) and non-polar (chloroform) solvents. The three
main tuning techniques involved heating in an oven at 110 °C for sufficient time, air drying for
sufficient time and forming the gradient on TMOS impregnated layer. The recipe for TMOS sol
consisted of ethanol: TMOS: 0.01 M HCl: 0.02 M NaOH (20:1:0.5:0.5 v/v/v/v). The TMOS
layer was formed on the water color paper by soaking water color paper in Petri dish filled with
TMOS sol for suitable time. After soaking the paper was withdrawn from the dish, air dried and
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heated in oven at 110 °C for 10 min. The linear gradient modified paper was placed in a tightly
capped bottle containing a small amount of either polar or non-polar solvent. The solvent was
allowed to rise by capillary action on the paper until it reached the other end of the gradient. The
paper was then withdrawn from the bottle, air dried thoroughly and analyzed either by UV
visible spectroscopy or by diffuse reflectance spectroscopy to check the loss of amine, thiol or
phenyl functionalities on the plates. Plates showing excessive loss of amine, phenyl and thiol
functionalities, when compared to the unexposed plates were optimized to obtain the best
preparation method.
6.4 Results and discussion
6.4.1 Sizing agents in water color paper
The main constituent in any kind of paper is cellulose. The cellulose is obtained from
either hardwood fibers or softwood fibers. The hardwood fiber and softwood fiber are classified
based on the trees from which cellulose is obtained.293 Both fibers have similar chemical
composition of cellulose, hemicelluloses and lignin but there is a huge variation in the physical
dimensions as shown in Table 6.1. These differences contribute to the variations in
hydrophobicity and surface roughness.293,301-303
Table 6.1 Comparison between physical dimensions of the hardwood and softwood fibers.
(Reproduced from the reference 302).
Fiber type

Fiber length (mm)

Fiber width (µm)

Hardwood

1.0-1.5

16-22

Softwood

3.0-3.7

27-38
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Cellulose is hydrophilic in nature and absorbs water. This property is advantageous when
the cellulose is used in manufacturing of filter paper and paper towels. But the paper to be used
for writing, printing, coloring and for construction purposes needs to show water repellant
properties. The water repelling property can be enhanced by a paper sizing technique. Paper
sizing is the chemical procedure used to increase a papers ability to resist water and provide a
non-wettable surface.293 The sizing agents used are mainly classified into two types: (A) Internal
sizing agents; these are added to the wood pulp slurry during manufacturing and (B) External
sizing agents; these are applied to the surface of the paper to decrease its surface energy and
make it hydrophobic.293 Rosin whose main component is abietic acid is natural and the most
commonly used sizing agent.301 Recently, synthetic sizing agents like alkyl ketene dimers (AKD)
and alkenyl succinic anhydrides (ASA) have been used to increase the hydrophobicity of the
paper.302-306
Strathmore water color paper, used for this research, contains both natural and artificial
sizing agents.307 Figure 6.3 shows SEM images of the fibers and sizing agents present in
unmodified paper as well as paper whose surface has been modified with APTES, PTMOS and
MPTMS. The cellulose fibers appear long and thick in nature and are strongly intertwined to
form a strong network and produce a good flat surface. The white spots, which are uniformly
distributed all over these fibers, are the inorganic fillers that act as sizing agents. The sizing
agents are needed in water color paper to prevent absorption of water from its surface and to help
in the uniform distribution of color.293 A lack of sizing agents would cause the color to spread.
The internal sizing agents are uniformly distributed all over the cellulose fibers and are not
strictly limited to the surface of the paper. It is difficult to confirm or deny any chemical reaction
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occurring between the sizing agents and the silane solution simply by looking at their SEM
images.

Figure 6.3 Scanning electron microscopy (SEM) images of A. water color paper B. amine
modified water color paper C. phenyl modified water color paper and D. thiol modified
water color paper. The strong network of cellulose fibers along with the uniformly
distributed sizing agents can be observed for unmodified as well as modified water color
paper.

6.4.2. Modification of cellulose by organoalkoxysilane
Cellulose surface have plenty of hydroxyl groups and offers several advantages but its
extra hydrophilic nature limits its use in many applications.294,308-309 The modification of
cellulose surface with organoalkoxysilanes can make cellulose hydrophobic and increase its
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mechanical

strength.294,308-309 In

previous

work,

the

modification

of

cellulose

by

organoalkoxysilanes was achieved by refluxing and stirring the cellulose both in powder and
paper form with silanes dissolved into suitable solvents.278 The silane modified cellulose samples
were then exposed to solvents like methylene chloride, tetrahydrofuran or subjected to a vacuum
for removal of unreacted siloxane molecules.278,294,308 At hydrolysis the alkoxy group of silanes
are lost and replaced with the hydroxyl groups forming silanols (Si-OH). These silanols show
slow reaction towards cellulose surface.309 This is then followed by condensation that forms SiO-C linkages causing silane adhesion to the surface.309-310 Many researchers have worked to find
the exact mechanism that takes place during silanization of cellulose. Abdelmouleh et al. 308
observed that on treating cellulose with silanes, the hydrolyzed silanes are adsorbed on cellulose.
The condensation between the adsorbed silanes and hydroxyl groups of cellulose occurs on
heating the silane treated substrate to 110 °C - 120 °C. The cellulose modification by silane was
evaluated using FTIR and XPS. FTIR was done to determine the peak area for 3trimethoxysilylpropylmethacrylate (MPS) as a function of its concentration at 1720 cm-1.
Adsorption isotherm established using these peak areas clearly showed the loss of MPS
functionality on heating and washing of cellulose.308 XPS was used for determination of
elemental composition for pure cellulose, APTES and MPS modified cellulose substrates. For
MPS even the oxygen/carbon ratio was determined.308 The bonding of organoalkoxysilanes to
cellulose substrate takes place in two steps. Initially the silanol groups on silane forms hydrogen
bonding with the hydroxyl groups on the cellulose surface.294 On heating at high temperature the
solvent evaporates from the cellulose surface and this promotes the condensation of hydrolyzed
silanes with each other and surface hydroxyl groups.294 The initial monomer layer formed
condenses with other silane molecules forming oligomers and polymers.294 Hydrolysis results in
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physical adsorption of silanes on the substrates, this was confirmed by extraction in ethanol,
which resulted in loss of chemical functionality. Covalent bonding is required to prevent loss of
chemical functionality that is achieved by heating at high temperature.278,294,308
In this chapter both linear and radial gradients (part A & B in Figure 6.1) were fabricated
on the cellulose using a CRI method.7-9 CRI method is very useful in preparing surface gradients
on planar substrates. For the formation of linear gradients, the pre hydrolyzed silane solution is
infused into a reaction vessel that holds the vertically aligned paper at a fixed rate as shown in
part A of Figure 6.1.5,7-9 The infusion is carried out from bottom of the paper such that the
maximum adsorption of silane molecules occurs at the bottom and few are adsorbed at the top
resulting in gradient formation. Then the plates were air dried and heated at 110 °C for
condensation to occur. Depending on the reaction kinetics of APTES, MPTMS and PTMOS,
each silane showed difference in amounts of adsorption and hence were condensed to different
extents.
The preparation of linear gradients was comparatively easier because the silane solution
was infused in a glass container rather than directly on the surface of the paper. The paper was
removed from the graduated cylinder when the infusing solvent was approximately 0.5 cm below
its edge. The arrangement for preparation of radial gradient using CRI is shown in part B of
Figure 6.1. For radial gradients, it was important that the paper stays flat during the infusion
process. Silane solution could wick through the paper to its edges. It was also important that the
distance between the mouth of the dispensing tube and the paper substrate is extremely minute
for a drop to be dispensed exactly at the center of the paper and then wick to its edges. The
infusion rate for the radial gradients was slower than that of the linear gradients because wicking
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was faster; the process was immediately stopped when the silane solution reached the edges of
the paper.
6.4.3 Characterization of linear and radial gradients
To confirm the formation of organoalkoxysilanes deposited on cellulose substrate and to
understand its reactivity kinetics it was must to determine the functionality coverage and the
profile of the gradients formed. This could only be achieved by characterizing the surface
bonded functionality gradient. Linear and radial gradients on cellulose paper were characterized
by chopping them into 10 and 5 pieces respectively as mentioned in the experimental section.
Amine and thiol modified gradients were analyzed by colorimetric techniques. The tiny paper
pieces chopped from the paper sample were treated with ninhydrin and Ellman’s dye for
detection of amine and thiol respectively. Both these reactions produced a colored product whose
intensity can be detected in a visible region. The phenyl modified paper was evaluated using
diffuse reflectance spectroscopy.
Figure 6.4 shows the representative spectra of amine, thiol and phenyl gradient samples.
The presence of a gradient is confirmed with the increase in the absorbance of each spectrum in a
given plot from top to bottom. Ninhydrin reacts with primary amine groups to give Ruhemanns
purple which can be detected at 583 nm.299 Ellman’s reagent is 5, 5’-dithiobis (2-nitrobenzoic
acid) abbreviated as DTNB. This DTNB reacts with sulfhydryl groups in presence of an alkaline
medium to form 2-nitro 5-thiobenzoate anion (TNB2-) which gives a yellow color that can be
detected at 410 nm.300 All the spectra were compared to the unmodified cellulose paper, used as
a blank. The gradient profiles were obtained from these spectra by measuring the absorbances at
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maximum wavelength for each piece of the paper. The gradient profile obtained was different for
different silanes based on their reactivity and infusion time.

Figure 6.4 A. The spectra of Ruhemann purple obtained by reacting ninhydrin with
primary amine, gives maximum absorbance at 583 nm. B. The spectra of TNB2- obtained
on reaction of Ellman’s reagent with sulfhydryl (thiol) groups gives yellow color which
has maximum absorbance at 410 nm, detected by visible spectroscopy. C. Phenyl spectra
obtained by diffuse reflectance spectroscopy shows the maximum Kubelka Munk (K-M)
intensity at 260 nm. For amine and thiol 10 spectra were collected by dividing the water
color paper into 10 equal parts while for phenyl only 5 spectra from 5 different parts of
paper were obtained.
The gradient profiles for the linear amine, phenyl and thiol gradients are shown in Figure
6.5. All these gradients show regions of lower and higher concentration of functionalities at two
opposite ends. The low end corresponds to the top part of the cellulose paper, which was exposed
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for a very a shorter period of time to the silane solution while the high end corresponds to the
bottom part of the cellulose paper that is exposed to a silane solution for a longer time. The
amine and phenyl gradients were done on three different papers while the thiol gradient was
done on a single paper. Amine and phenyl show a steeper slope indicating that the difference in
the concentration between the two ends of paper was higher. Thiol initially shows a steep slope
but then forms a plateau indicating saturation. Saturation of thiol on paper takes place despite of
its shorter infusion time (4 min) with comparatively lower concentration than amine and phenyl.
However, the infusion rate of thiol was higher. It is difficult to comment on the total
concentration of functionalities bonded to the cellulose surface as different reagents and methods
have been used for their detections. This can only be confirmed by keeping silane concentrations
and infusion time constant and analyzing all functionalities by a common method like X-ray
photoelectron spectroscopy (XPS).
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Figure 6.5 Linear gradient profiles obtained for amine, phenyl and thiol on water color
paper at 583 nm, 260 nm and 410 nm respectively. For amine and thiol profile, data was
collected at 10 different points while for phenyl the data was collected at 5 different points.
The amine and phenyl intensities shown are corrected for the mass of the paper samples.
Standard deviations for amine and phenyl were obtained by characterizing three different
paper samples on different days (N=3) while thiol was done on a single paper (N=1).
Similar to the linear gradients, radial gradients were characterized by visible spectroscopy
(amine and thiol) and diffuse reflectance spectroscopy (phenyl). Figure 6.6 shows the radial
gradient profiles for amine, phenyl and thiol. The radial gradients were done at two different
flow rates 0.05 mL/ min (slower) and 0.25 mL/ min (faster) but both these flow rates were
significantly smaller than the flow rates of linear gradients. For linear gradients, silane infusion
was done using CRI from the bottom to the top of the paper, which was against the gravity. In
radial gradients, the silane solution is infused at the center of the paper and allowed to wick up to
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its edges. Thus wicking plays an important role in formation of radial gradients. Factors like
paper roughness, surface energy and silane used for modification may affect the shape of radial
gradients.
It was expected that the high concentration of functionalities would be found at the center
of the paper since the silane solution begins via addition at the center and the concentration of
these functionalities would decrease as the silane solution diffuses from the center to the edges.
But for the amine radial gradient as clearly seen in Figure 6.6 A, the concentration of amine is
lower at the center than at the edges at both faster and slower flow rates. This is probably
because amine is comparatively hydrophilic and the water color paper has hydrophobic sizing
agents uniformly distributed over its surface forcing all the amine to move away. The phenyl
radial gradient shown in plot B behaves as expected because phenyl is hydrophobic in nature and
can show affinity towards the hydrophobic surface. This also allows phenyl to wick slowly
towards the edges and in forming a concentration gradient. But at a faster flow rate of 0.25 mL/
min, phenyl almost shows a flat curve indicating its saturation on the paper. This saturation
might be because the rate of wicking has matched that of the infusion. Thiol shown in plot C has
intermediate polarity between that of amine and phenyl. At a slower rate of 0.05 mL/ min it
shows nearly a flat curve indicating that the slower rate of infusion has allowed for sufficient
wicking to take place and hence the concentration is equivalent at the center as well as edges. On
the contrary when the infusion rate is increased to 0.25 mL/ min, the wicking lacks behind the
infusion and hence more silane stays at the center increasing the concentration of thiol groups at
the center than at the edges.
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Figure 6.6 Radial gradient profiles for A. amine at 583 nm B. phenyl at 260 nm and C.
thiol at 410 nm. The infusion was done at two different rates 0.05 mL/ min and 0.25 mL/
min represented by red and blue colors respectively. The amine and thiol profiles were
corrected for the mass of the paper samples. All radial gradients were prepared on a single
paper sample (N=1) that was chopped into 5 equal parts for analysis.

6.4.4 Stability of the gradients
The purpose of gradient formation on the cellulose was to make it useful for applications
in fields of chromatography and biosensors. An unstable gradient might lack the necessary
functional groups affecting the surface chemistry and its interactions, making cellulose substrate
unworthy of its application. It is also important to evaluate the stability of the covalent bonding
that takes place during bond formation. A physically adsorbed entity could be easily lost making
the cellulose deprived of its functionality. Thus, it is necessary to evaluate the stability of
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organoalkoxysilane gradients on cellulose. As discussed in previous sections, the silane solutions
initially adsorb on the silica surface and then are believed to react slowly to form covalent bonds
with hydroxyl groups.277,294,308-309 Covalent bonds formed here are C-O-Si rather than Si-O-Si
bonds, which are formed when a silica substrate is used. The C-O-Si bonds are more easy to
hydrolyze than Si-O-Si bonds.311 Physically adsorbed silanes, however, can be more easily lost
on exposure to different solvents and reagents.
Hydroxyl groups on cellulose have lower acidity than the silanol groups on silica surface
and hence don’t form covalent linkages.278 The silane deposited is initially adsorbed onto the
cellulose surface which then on heating condenses to give C-O-Si bonding.309 Under moist
conditions or in presence of water the formation of these C-O-Si bonds are reversible and may
form silanol bonds again.309 The adhesion between organoalkoxysilanes and cellulose can be
improved only if covalent bonding can be formed between the two. Heating at higher
temperature (110 °C) in oven removes the water from the cellulose surface and drives the
dehydration reaction allowing the formation of covalent C-O-Si bonds.278,308,312 The other way is
to form TMOS base layer as TMOS is a silane which has silanol groups that can form Si-O-Si
covalent bonding with the modifying organoalkoxysilanes. These silanol groups are less
susceptible to reversible hydrolysis.309 It is also observed that tetra and trialkoxysilanes can form
more stable bonding than mono and dialkoxysilanes because of the availability of more hydroxyl
groups to bind.313 In this study the gradient functionalized paper has been exposed to polar and
non-polar solvents and the detail discussion of the results is presented in the section below.
Polar and non polar solvents were allowed to rise by capillary action on paper containing
amine, phenyl and thiol linear gradients. These linear functionality gradients were then analyzed
for loss of functionalities from their surfaces using the characterization method described
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previously. The gradient stability was analyzed by observing the differences between the
intensities of chemical functionalities and the changes in the gradient shapes on modified
gradients before and after exposure to solvents. The intensity change clearly indicates the loss of
functionality while change in gradient shape either indicates the same or the physical adsorption
of the stripped functionality on the other area of the substrate. All the linear gradients prepared
under the normal condition by heating in an oven at 110 °C for 10 min were not stable when
exposed to ethanol and chloroform. Thus there is a need to optimize the preparation procedure to
form stable gradients and not allow the loss of functionality from their surface.
6.4.4.1 Stability of amine gradients on paper
APTES has the capability to act as a surface catalyst and enhance the hydrolysis and
condensation reactions.56,58,115 Though this is true, the siloxane bonds formed between APTES
and surface hydroxyl groups or with other hydrolyzed APTES molecules can increase resistance
to hydrolysis. Also the formation of hydrogen bonding between amine and surface hydroxyl
groups and reactions of the three ethoxy groups can affect its stability and lead to its loss from
the surface.310 Etienne et al.314 have found from their research that unprotonated form of APTES
on surface is less stable in aqueous solutions while zwitterionic form is stable. The stability of
APTES is strongly dependent on pH and equilibrium with aqueous solvent.314 The stability of
amine gradient was checked by preparing the amine gradient under two different conditions and
subjecting it to both ethanol and water. Figure 6.7 shows the comparison between linear amine
gradient on paper unexposed to solvents and one which is exposed to ethanol and chloroform.
The combined plot shows the comparison of all three graphs. It is clear from the combined
graphs of both the conditions shown in Figure 6.7 that the shapes and intensities are nearly
similar indicating the formation of stable gradients.
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In part I of the Figure 6.7, the modified paper was heated for 2 hrs at 110 °C after
infusion of the aminosilane and air dried thoroughly. The amine modified paper on exposing to
ethanol and chloroform was assumed to be stable because it showed similar absorbances to the
amine modified paper unexposed to these solvents. The stability observed was the result of
heating at 110 °C for 2 hrs which gave it a sufficient time to evaporate the solvent and slowly
condense the adsorbed silanol molecules with surface hydroxyl groups.278,294,308 Stable amine
gradients were also observed by first soaking the paper in TMOS, heating it in oven for suitable
time, and then forming a linear amine gradient on its surface as shown in part II of Figure 6.7.
On heating, TMOS could condense with surface hydroxyl groups of cellulose as well as itself
providing plenty of silanol groups (Si-OH) available for the organosilane to condense. 278,294,308
The organosilane covalently bonds with these Si-O-H groups to give siloxanes (Si-O-Si). These
siloxanes exhibit stronger covalent bonding and are less susceptible to hydrolysis increasing
overall stability.309 Thus, the amine gradient for part II prepared on the TMOS impregnated
cellulose shows the maximum intensity of ~ 4, which is higher than that obtained by only heating
the amine gradient modified cellulose paper.
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I. On heating

II. Upon soaking in TMOS

Figure 6.7 Gradient profiles of the linear amine gradient before (red) and after
exposure to ethanol (blue) and chloroform (green). In I the modified cellulose
paper was heated at 110 °C for 2 hrs while for II, the amine gradient was formed on
TMOS coated paper. The fourth plot shows all graphs together for direct
comparison of their stabilities. All absorbances for amine were collected at 583 nm
and were corrected for the masses of the paper sample. The data represents the 10
readings obtained on each of the 3 different paper samples (N=3) prepared on
different days.
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6.4.4.2 Stability of phenyl gradients on paper
The stability for phenyl gradient is shown in Figure 6.8. The phenylalkoxysilane may
show slower reactivity with surface hydroxyl and silanol groups compared to the
aminoalkoxysilane and thiolsilane.

To increae the rate of hydrolysis and condensation, an

external catalyst like HCl and NaOH was sequentially added to the sol.8 The stability of the
phenyl gradient on cellulose paper was evaluated using similar conditions to that of amine silane.
Both these conditions, heating at 110 °C for 2 hrs and soaking in TMOS for 2 hrs and then
heating at 110 °C for 15 min failed to give stable phenyl gradients.
To form stable phenyl gradients on silica TLC plates and silica monolithic columns after
phenyl modification (Ch. 2 and 5), the substrates had to be heated in oven at 160 °C. We thus
tried heating paper like Si TLC plate, but it burned turning paper to a yellow color. PTMOS is
adsorbed lesser on the substrate because of the presence of an aromatic ring in phenyl that causes
steric hindrance.309 Less adsorption results into less amount of phenyl available for condensation
with hydroxyl groups on cellulose surface. As described earlier, another means to improve
stability is to form the gradients on cellulose previously modified with TMOS. A proper
treatment with TMOS can form a dense layer of silanol groups on the cellulose substrate.
Condensation with these silanol groups will be comparatively easier for PTMOS than the
hydroxyl groups on the cellulose surface. Figure 6.8 below, shows the comparison of the
intensities of phenyl gradient on cellulose surface and on exposing the phenyl gradient cellulose
substrate to polar and non-polar solvents. TMOS layer was formed on the cellulose by soaking a
paper for longer periods of time (24 and 48 hrs) before exposing to ethanol and chloroform.
Increasing the exposure time to TMOS allowed more TMOS to adsorb on the surface that later
upon heating condensed with the hydroxyl groups on the cellulose or itself. The newly formed
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silanol coated cellulose surface allowed phenyl to form covalent bonding and hence prevented its
loss. The phenyl functionality was totally lost on exposing the cellulose to ethanol even on
soaking in TMOS for 24 hrs and showed little stability when exposed to TMOS for 48 hrs as
seen in Figure 6.8 below. This also proves that the optimization procedure to produce stable
phenyl gradients on water color paper wasn’t achieved in this study and method needs to be
reoptimized. On the other hand, some stability was observed for a paper exposed to chloroform
on soaking in TMOS for 24 hrs. The intensity of phenyl gradients exposed to both ethanol and
chloroform didn’t match with the unexposed phenyl gradient cellulose, proving loss of the
surface functionality and hence the unstability of the gradient. The combined graph in Figure 6.8
below clearly distincts the three.
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Figure 6.8 Gradient profiles of the linear phenyl gradient before (red) and after exposure to
ethanol (blue) and chloroform (green). The paper soaked in TMOS for 48 hrs showed no
stability when exposed to ethanol while the paper soaked for 24 hrs in TMOS showed little
stability when exposed to chloroform. The fourth plot shows all graphs together for direct
comparison of their stabilities. The diffuse reflectance data was collected at 264 nm. Data
represents the results obtained from three different paper samples (N=3).
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6.4.4.3 Stability of thiol gradients on paper
The thiol silane solution was prepared similarly to that of phenyl, where sequential
additions of HCl and NaOH as catalysts were done to facilitate hydrolysis and condensation. The
thiol gradients on paper were not stable either on heating at 110 °C at 2 hrs or by soaking in
TMOS for 2 hrs followed by heating. Thiol gradients weren’t prepared on cellulose which were
soaked in TMOS for longer period of time like that of phenyl gradients. Instead they were
prepared by air drying for 24-48 hrs and then heating at 110 °C for suitable time. The reactivity
of thiol is intermediate between that of amine and phenyl silane. Figure 6.9 shows the
comparison of the gradient profiles and absorbance intensities between unexposed thiol gradient
on paper and thiol gradient on paper exposed to ethanol and chloroform. As expected thiol
gradient that was air dried for 24 hrs and heated for a short period of 30 min showed stability
when exposed to chloroform but not ethanol. This might have to do with reversible hydrolysis
that is capable of converting the weakly bonded C-O-Si groups to Si-OH groups.309 The stability
with ethanol could only be obtained on adsorbing the thiolsilane on the cellulose surface,
evaporating the vehicle solvent and then heating further for condensation of silanol groups to
form C-O-Si linkages. Drying the cellulose for a longer time (48 hrs) to evaporate all the solvent
and then heating it at110 °C for 2 hrs for condensation to proceed, showed some stability. Since
experiments on thiol gradients were done just once, the intensity seen in the graph might not be
the true representation of its stability. To draw any further conclusions about its stability more
experiments on thiols have to be performed.
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Figure 6.9 Gradient profiles of thiol linear gradient before (red) and after exposure to
ethanol (blue) and chloroform (green). Samples exposed to ethanol were prepared by drying
for 46 hrs + heating in oven at 110 °C for 2 hrs while those exposed to chloroform were
prepared by drying for 24 hrs + heating for 30 min . The fourth plot shows all graphs
together for direct comparison of their stabilities. Absorbances obtained from TNB2- ,
produced by reaction of thiol with ellman’s reagent were measured at 483 nm and were
corrected for masses of the paper samples. The data represents studies done on one paper
sample (N=1).
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Table 6.2 summarizes the conditions used to prepare amine, phenyl and thiol gradients on
the cellulose plates and the results obtained on exposing the water color paper to both polar
(ethanol) and non-polar (chloroform) solvents. These solvents were chosen as they are most
commonly used both in fields of chromatography and PAD’s where paper founds application.
Table 6.2 Conditions for preparation of amine, phenyl and thiol linear gradients on paper
samples and the results obtained on exposure to ethanol (polar solvent) and chloroform (nonpolar solvent). The results obtained are indicated by ‘Y’ which means shows stability, ‘N’ which
means didn’t show stability and ‘─’ which means haven’t tried.
Linear
Solvents
gradients exposed

2
hrs
heating
at
110
°C

TMOS
(soaked
2 hrs) +
heated
(110 °C
for
15
min)

TMOS
(soaked
24 hrs) +
heated
(110 °C
for
2
hrs)

TMOS
(soaked
48 hrs) +
heated
(110 °C
for
2
hrs)

Air
drying
for
24
hrs
+
Heating
(for 30
min)*

Amine

Y

Y

─

─

─

Air
drying
for
46
hrs
+
Heating
(110 °C
for
2
hrs)*
─

Chloroform Y

Y

─

─

─

─

Ethanol

N

N

N

N

N

─

Chloroform N

N

Y

─

N

─

Ethanol

N

N

─

─

N

Y

Chloroform N

N

─

─

Y

─

Phenyl

Thiol

Ethanol

* Only one experiment was performed.
6.5 Summary
Linear and radial gradients were prepared on cellulose paper using CRI. The cellulose
surface reacts differently than the silica surface. When pre-hydrolyzed silane solution is used to
modify the paper, it gets adsorbed on the cellulose surface because of the hydrogen bonding
between the silanol groups of silane and hydroxyl groups of the substrate. Upon heating the
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paper, condensation takes place between the hydrogen bonded silanol and hydroxyl groups
forming a gradient in functionality on paper surface. The heating of paper is must because
without heating condensation on cellulose surface cannot proceed. The preparation of linear
gradients was comparatively easier as it involved only infusion from bottom of the paper to its
top. Though the infusion method was used for radial gradient, the wicking played a major role in
surface modification. Amine, phenyl and thiol functionality gradients were formed on paper
surface using different silane solutions. All the three gradients had different reactivity and
stability on paper surface.
The stability of all 3 functionality linear gradients was evaluated by exposing them to
polar and non-polar solvents. Though all 3 gradients showed some stability under different
conditions, a common observation irrespective of functionality present was that all the gradients
were less stable towards polar solvent. The exact cause for this is unknown and more research
needs to be done. However, under moist conditions or in presence of water, bonds formed by SiO-C condensation are susceptible to reversible hydrolysis.309 Non-polar solvent didn’t have
much impact on the stability. The organic groups on silane also affects its reactivity. 56 For
example, amine has nitrogen which bears lone pairs that could easily form hydrogen bonding
while the bulky aromatic ring in phenyl can cause steric hindrance. The data obtained from this
work is not sufficient to get exact idea about the stability of silanes on cellulose surface. In future
the efforts would be made to design experiments that can point out the optimized conditions for
preparation of stable silane as well as application based silane modification of cellulose.
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Chapter 7
Conclusions and Future Work

7.1 Conclusions
Modification of surfaces in a gradient fashion is done to change their surface chemistry
with an aim to widen their applicability in science. Surface modifications have resulted in
accomplishing tasks like improving substrate adhesion and understanding complex mechanisms
like cell motilities.1-2 Many researchers have successfully developed different methods to prepare
surface gradients.1-2 However, very few of these methods were capable of producing gradients on
virtually any substrate with good precision and reproducibility. Many of them were also limited
in their ability to control and manipulate the shape of the gradient. The controlled rate infusion
(CRI) method used in this work formed gradients that provided control over the gradient profile
by adjusting the infusion rate and infusion time5-11 and allowed for the formation of linear and
radial gradients on both planar and column substrates.7-11 Surface modifications were done using
alkoxysilanes

such

as

3-aminopropyltriethoxysilane
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(APTES),

phenyltrimethoxysilane

(PTMOS), 3-mercaptopropyltrimethoxysilane (MPTMS) and tetramethoxysilane (TMOS). All
these silanes had different reactivity and were chosen with a specific purpose. The aminosilane
was used to modify all the substrates because of the self catalyzing ability of the amine group.5-11
Silica and cellulose were used as substrates for gradient formation. On silica substrates, multicomponent gradients with two functionalities were prepared. Multi-component gradients differed
significantly from single component gradients in their surface chemistry.8 The formation of the
gradient across the different substrates was confirmed using X-ray photoelectron spectroscopy
(XPS), UV-visible spectroscopy and diffuse reflectance spectroscopy.5-6,8-11
Initially silica thin layer chromatography (TLC) plates were chosen to prepare single and
multi-component continuous surface gradients. Multi-component gradient formation involved a
two-step procedure that was made possible using CRI in a sequential fashion. The gradient
profiles of single and multi-component gradients revealed significant information about the
reactivity of the organoalkoxysilanes and about the dominancy of the functionalities by
switching the order producing aligned vs opposed gradients. The difference in selectivity and
resolution between single and multi-component continuous gradients was shown by the
separation of a vitamin mixture containing vitamins of different polarities. The versatility of the
CRI was also demonstrated by the preparation of both linear and radial gradients on cellulose,
specifically water color paper. Unlike linear gradients, wicking played a major role in formation
of the radial gradient. Organoalkoxysilanes interaction with cellulose was slower than that
observed on silica substrates. The stability of the linear gradients on cellulose was evaluated,
which was important for use of paper in separation science and in biosensors. The most
promising results were obtained when the cellulose paper was impregnated with a sol containing
TMOS.
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After successful formation of gradients on planar substrates, the method was switched to
columns. In-house built silica monolithic columns with good permeability were used for the
formation of stationary phase gradients. The fact that gradient affects the surface chemistry was
demonstrated with differences produced in selectivity and resolution of analytes from two
different mixtures (nucleobases and weak acids/weak bases) compared to that of non-gradient
columns. Efforts were also made to determine if multi-component gradients produced mixedmode or synergistic effects. However, the cladding of the monolithic column leads to peak
broadening and fronting. Even the modification and handling of monolithic columns has to be
done carefully as cracks could form in the monoliths, which will have a huge impact on column
efficiency and separation.
Overall, this work opens the door to a new way of stationary phase modification that can
be used in future to improve the selectivity in chromatography, the resolution of individual
compounds in the mixture, and reducing analysis time. The gradient studies done on the water
color paper can be useful to understand the polarity of the paper, its reactivity and bonding with
the different silanes and most importantly gradient stability. This data can prove to be valuable
for modifying paper in a controlled manner to increase or decrease its hydrophobicity, for its use
in paper chromatography and also in field of paper analytical devices (PAD’s).
7.2 Future work
7.2.1 Quantification of functionality on linear vs step-wise stationary phase gradients for
liquid chromatography
Jeong et al.245 using simulations showed that the retention and resolution of solutes in
liquid chromatography employing single gradient stationary phases and isocratic mobile phases
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depends only on the concentration of the functionalities irrespective of its gradient type (linear,
step-wise). Though the simulation results have confirmed this, it was essential to see if this is
experimentally valid. To test this hypothesis experimentally, both linear and step-wise gradient
can be prepared on monolithic column using the procedures optimized in this work. APTES
would be the most preferred silane to form the gradient as it has faster reactivity kinetics and has
been deposited successfully on wide range of silica substrates using CRI.5-11 For linear gradients,
the infusion rate will be kept constant during the entire process of monolith modification while
for the step-wise gradients, the infusion rate can be suddenly increased or decreased from its
original rate. If increased, the APTES would have less time to react with the substrate reducing
the total amount of functionality from the surface. If decreased, APTES will have sufficient time
to interact with the substrate, increasing the total surface coverage of the functionality. Other
factors such as the organoalkoxysilane, concentration of silane, total infusion time, physical
dimensions of monoliths used for analysis and method for preparation of monoliths will be kept
constant for both linear and step-wise gradients. The concentration of amine on both linear and
step-wise gradients will need to be determined to confirm that there are no significant differences
in amine concentrations between the two. Chromatographic separation can then be carried out
using suitable solutes like simple acids (benzoic acid, salicylic acid) which can interact strongly
with amine groups (hydrogen bonding and weak anionic exchange) on both linear and step-wise
gradients showing stronger retention on the surface.11 Comparisons will be made between
retention times, resolution, peak widths, retention factor and selectivity, etc to discern if there are
any differences between the two gradients. If no differences are observed between the linear and
step-wise gradients but between two linear gradients prepared by only varying APTES
concentrations would indicate the separation of analytes is based only on the concentration of
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surface gradient and not on gradient profile. On the contrary, statistically different retention time,
retention factor and selectivity between linear and step-wise gradient monoliths would suggest
that analyte interactions are dependent on gradient profiles and shapes.
7.2.2 Amine continuous stationary phase gradients on fused silica capillaries for liquid
chromatography and electrochromatography
Monolithic capillary columns offer advantages over monolithic rods that include the use
of minute amounts of mobile phase, which reduces experimental cost and the use of toxic
solvents. The use of a small amount of mobile phase allows them to be coupled with mass
spectroscopy. These capillaries have high sensitivities and can detect solutes in nanogram to
picogram levels.191,315 The formation of a gradient on monolithic capillaries should give different
selectivity than uniformly modified or unmodified capillaries thus forming novel stationary
phases for capillaries. If the experiments are successful this would be the first attempt in
demonstrating the applications of continuous stationary phase gradients on capillary columns.
Previously, discontinuous stationary phase gradients using polymeric solutions of different
hydrophobicity have been prepared on capillary columns.103 Our research group has developed a
continuous amine gradient on capillary column.10 For this research, the monolith will be formed
in the capillary by the procedure mentioned by Motokowa et.al.143 APTES would be first choice
in preparation of continuous gradients as this is a well-studied reagent capable of forming
gradients on different substrates.5-11 Using CRI, APTES would be infused through monolithic
bed inside a capillary column as done by Kannan et al.10 Formation of an amine gradient would
then be characterized by chopping/ breaking the capillary and analyzing these pieces for N1S
area by XPS.10-11 Finally using a suitable analyte mixture retention time, retention factor,

185

selectivity obtained would be compared with uniformly amine modified and unmodified
substrate to check the success of our hypothesis.
7.2.3 Determination of the surface coverage of functionality on monoliths surface
Monolith modification using different silanes can be done to prepare either gradient or
uniformly modified surfaces. The amount of functionality is important for interaction of a
surface with that of solute. Movement of water drop, ability to retain analytes or to sense them
on gradient surfaces is possible only when the exact concentration of the functionality is
available. Many of these wouldn’t be possible on gradients lacking the required concentration of
the functionality. Thus it is also essential to determine the surface coverage of the functional
groups on monolithic surfaces. This can be done using 3 different techniques:
A. Back titration: If the modification of monolith is done using a silane that bears an acidic or
basic functional group, the surface coverage can be determined by simple acid-base back
titrations. For example if the monolith surface is modified with APTES, its surface coverage can
be determined by crushing the monolith and mixing the powder with a known volume of HCl of
a known molarity obtained by standardizing with strong base of known concentration. After
allowing HCl to react with amine groups bonded on the silica powder for a definite period,
excess HCl can then be back titrated with a known molarity of NaOH obtained by standardizing
with strong acid of known concentration. At equivalence point, where NaOH would completely
neutralize the acid, the moles of NaOH would be equivalent to that of HCl, These moles can then
be subtracted from the initial moles of HCl to obtain the moles of HCl that reacted with the basic
amino groups on silica powder. The moles of HCl thus obtained by subtraction would be same as
moles of amine. This information can then be used along with the density of the APTES and
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surface area obtained by BET to calculate the exact amount of amine groups in µmoles/m2 on the
silica surface. Many scientists have reported the surface coverage of amine between 2.1-4
µmoles/m2.66
B. Thermogravimetric analysis (TGA): TGA is an analytical procedure used for the
determination of change in amount/mass of an organic analyte as a function of temperature or a
time under constant atmosphere.16 Either temperature or time has to be kept constant throughout
the analysis.316 This can be used to determine the surface coverage of functionality on monoliths.
Initially unmodified, bare silica monolith could be heated at a high temperature until all the water
is removed and a flat curve indicating no further loss of functionality will be plotted with steady
increase in the temperature. Then the same process should be repeated with surface modified
monolith. Initially it would lose all water molecules and moisture absorbed on it from 80 °C to
120 °C. As the temperature is increased further, the organic groups would start burning and
finally a flat curve indicating no further loss of organic or presence of only inorganic substrate
will be obtained even with an increase in temperature. The removal of the organic functional
group would result in a weight loss for surface modified monolith, which will be measured and
plotted as a deflection point. From this point, the curve would be flat indicating no further loss of
organic content even on further heating. Further, based on the % loss between unmodified and
surface modified monoliths, the mass of the sample used for analysis and the molecular weight
of the surface functionality, the total surface coverage of the organic functionality can be
determined.
C. Colorimetric techniques: The silane solutions bearing only those functional groups that are
capable of producing colored products on reacting with chromophores can be detected by these
techniques. For example 3-aminopropyltriethoxysilane (APTES) can react with ninhydrin to
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form a purple color while 3-mercaptopropyltrimethoxysilane (MPTMS) can react with Ellman’s
reagent to form yellow colored product.299-317 Initially, using standard solutions of known
concentrations of APTES or MPTMS, a calibration curve will be plotted. It is essential that
calibration curve covers a wide range of concentrations. The concentration of functionality from
a surface modified monolith/silica column/cellulose can be determined if it lies within the range
of the calibration curve. Though this technique appears simple, it has some disadvantages. Most
notably, on addition of chromophoric compounds like ninhydrin and Ellman to the silica and
paper substrates, color formation takes place but some of the colored dye remains attached to the
substrate and doesn’t go into the solution.

Hence, the concentrations obtained from these

readings will be smaller than that present in solution.
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